Gallium Nitride based high electron mobility transistors (HEMTs) are attractive for use in high power and high frequency applications, with higher breakdown voltages and two dimensional electron gas (2DEG) density compared to their GaAs counterparts. Specific applications for nitride HEMTs include air, land and satellite based communications and phased array radar. Highly efficient GaNbased blue light emitting diodes (LEDs) employ AlGaN and InGaN alloys with different compositions integrated into heterojunctions and quantum wells. The realization of these blue LEDs has led to white light sources, in which a blue LED is used to excite a phosphor material; light is then emitted in the yellow spectral range, which, combined with the blue light, appears as white. Alternatively, multiple LEDs of red, green and blue can be used together. Both of these technologies are used in high-efficiency white electroluminescent light sources. These light sources are efficient and long-lived and are therefore replacing incandescent and fluorescent lamps for general lighting purposes. Since lighting represents 20-30% of electrical energy consumption, and because GaN white light LEDs require ten times less energy than ordinary light bulbs, the use of efficient blue LEDs leads to significant energy savings. GaN-based devices are more radiation hard than their Si and GaAs counterparts due to the high bond strength in III-nitride materials. The response of GaN to radiation damage is a function of radiation type, dose and energy, as well as the carrier density, impurity content and dislocation density in the GaN. The latter can act as sinks for created defects and parameters such as the carrier removal rate due to trapping of carriers into radiation-induced defects depends on the crystal growth method used to grow the GaN layers. The growth method has a clear effect on radiation response beyond the carrier type and radiation source. We review data on the radiation resistance of AlGaN/GaN and InAlN/GaN HEMTs and GaN-based LEDs to different types of ionizing radiation, and discuss ion stopping mechanisms. The primary energy levels introduced by different forms of radiation, carrier removal rates and role of existing defects in GaN are discussed. The carrier removal rates are a function of initial carrier concentration and dose but not of dose rate or hydrogen concentration in the nitride material grown by Metal Organic Chemical Vapor Deposition. Proton and electron irradiation damage in HEMTs creates positive threshold voltage shifts due to a decrease in the two dimensional electron gas concentration resulting from electron trapping at defect sites, as well as a decrease in carrier mobility and degradation of drain current and transconductance. State-of-art simulators now provide accurate predictions for the observed changes in radiation-damaged HEMT performance. Neutron irradiation creates more extended damage regions and at high doses leads to Fermi level pinning while 60 Co γ-ray irradiation leads to much smaller changes in HEMT drain current relative to the other forms of radiation. In InGaN/GaN blue LEDs irradiated with protons at fluences near 10 14 cm −2 or electrons at fluences near 10 16 cm −2 , both current-voltage and light output-current characteristics are degraded with increasing proton dose. The optical performance of the LEDs is more sensitive to the proton or electron irradiation than that of the corresponding electrical performances. Wide-bandgap III-Nitrides have become one of the most important semiconductor materials systems, with applications in visible-UV light emitting devices (LEDs) and laser diodes (LDs), highpower/high frequency transistors and power rectifiers. [1] [2] [3] [4] The strong bonding in binary and ternary nitrides gives them an intrinsically high radiation resistance. The fluence of ionizing radiation at which GaN materials and devices such as transistors and light-emitting diodes start to show degradation is about two orders of magnitude higher than in their GaAs equivalents. This difference is attributed to the stronger bonding of GaN. 4, 6, 8, 9 A measure of this bond strength is the energy required to displace an atom from its lattice position or simply the atomic displacement energy, denoted by E d . This parameter has been measured in several semiconductors and empirically determined to be inversely proportional to the volume of the unit cell. 4, 6, 9, 33, [63] [64] [65] [66] [67] 
Wide-bandgap III-Nitrides have become one of the most important semiconductor materials systems, with applications in visible-UV light emitting devices (LEDs) and laser diodes (LDs), highpower/high frequency transistors and power rectifiers. [1] [2] [3] [4] The strong bonding in binary and ternary nitrides gives them an intrinsically high radiation resistance. The fluence of ionizing radiation at which GaN materials and devices such as transistors and light-emitting diodes start to show degradation is about two orders of magnitude higher than in their GaAs equivalents. This difference is attributed to the stronger bonding of GaN. 4, 6, 8, 9 A measure of this bond strength is the energy required to displace an atom from its lattice position or simply the atomic displacement energy, denoted by E d . This parameter has been measured in several semiconductors and empirically determined to be inversely proportional to the volume of the unit cell. 4, 6, 9, 33, [63] [64] [65] [66] [67] Analysis of the transport properties of electron-irradiated GaN show that E d (Ga) is 20.5 eV and E d (N) 10.8 eV. 4 In the case of GaAs, E d is 9.8 eV. 4, 5, 9 Figure 1 shows a plot of experimentally determined displacement energies in semiconductors as a function of inverse lattice constant. 4 The latter is a measure of how strongly bonded the component atoms are and should correlate with difficulty in creating lattice displacements and hence the relative radiation resistance of the semiconductor. The high displacement energy for GaN relative to Si and GaAs means it will be more resistant to creation of point defects during irradiation. The displacement energy varies inversely as the volume of the unit cell for many semiconductors.
The response of GaN to radiation damage is a function of radiation type, dose, energy as well as the carrier density, impurity content and dislocation density in the GaN. 12, 22, 27, 35, 38, 56, 57 The latter can act as sinks for created defects and parameters such as the carrier removal rate due to trapping of carriers into radiation-induced defects and is also found to depend on the crystal growth method used to grow the GaN layers. There are three common techniques used to grow GaN layers, namely Metal Organic Chemical Vapor Deposition (MOCVD), Hydride Vapor Phase Epitaxy (HVPE) and Epitaxial Lateral Overgrowth (ELOG), each with its own characteristics in terms of defect density and distribution. The growth method has a clear effect on radiation response beyond the carrier type and radiation source. 12, 56 There are three main GaN-based heterostructures used for electronics, namely AlGaN/ GaN, which is the most common nitridebased heterostructure; AlN/GaN which produces the highest two dimensional electron gas density, but has issues with stability of the AlN and finally, InAlN/GaN, an emerging system with high thermal and chemical stability and lattice matching to GaN at an In mole fraction of 0.17. 1 The InAlN/GaN material system offers an attractive alternative to AlGaN/GaN for high power, high frequency applications. 1 Given the applications for GaN HEMTs, they will commonly be subject to fluxes of high energy protons and electrons if used in low earth orbit satellites as well as neutrons or gamma rays if used in radiation-hard electronics for nuclear or military systems. Each of these forms of radiation produces different types of damage. In addition, primary defects may recombine, form complexes with each other, with dopants and with extended defects; at high energies the energy of the primary recoils becomes so high that they produce collision cascades and form heavily disordered regions with a very high Empirical relationship between mean displacement energy Ed and inverse lattice parameter for various semiconductors. Note the high threshold for GaN, which corresponds to an expected high degree of radiation hardness.
(from Ionescu et al. 4 ).
defect density in the core. In general, proton and electron irradiation produces simple point defects in the nitride lattice, 10, 12, 57 while neutron irradiation creates extended defects called Gossick zones, which are heavily disordered core regions surrounded by a space charge region with strong band bending. 11, 12, 57, 64, 70, 79 The response to gamma irradiation is quite complicated. Compton electrons induced from γ-radiation create electron-hole pairs, thus changing occupancy of traps. Unlike proton irradiation, some studies claim that these defects produced by gamma irradiation can improve device performance such as increasing drain saturation current. 60, 61 In some cases, low dose γ-irradiation leads to partial relaxation of the elastic strain in AlGaN/GaN heterostructures and enhances the electron mobility by 5-10%. This improvement of the electron mobility increases the drain current. By contrast, others reported the drain current was reduced about 60% after γ-irradiation at around 7 × 10 4 rad. 14, 15, 52 These defects in that case must reduce the carrier concentration in the irradiated devices, [81] [82] [83] [84] and there was more degradation with increasing γ-irradiation dose. 15, 42 The defects produced by γ-irradiation may be structure sensitive which would be one reason for the discrepancies between different reports. 12, 57, 60, 61 Also, dose clearly plays a role in the performance of the devices after irradiation. For proton and electron damage, the device degradation scales with dose and is correlated with the nuclear or non-ionizing energy loss component of the ions traversing the active regions of the device which creates lattice displacements. Similar comments apply to neutron-induced damage, but the carrier removal rates for neutron irradiation are much lower than for protons. It is instructive to summarize the effect of γ-ray exposure on simple nickel/n-GaN Schottky barrier diodes. Current-voltage (I-V), capacitance-voltage (C-V), and deep-level transient spectroscopy (DLTS) measurements show an increase in effective Schottky barrier height, a degradation of the reverse leakage current, but minimal effect on the forward I-V characteristics. 14, 15 Low temperature (≤50
• C) post-irradiation annealing after a cumulative irradiation dose of 21 Mrad (Si) was found to restore the reverse I-V characteristics to pre-irradiation levels without significantly affecting the radiationinduced changes in C-V and forward I-V characteristics. 14, 15 Three shallow radiation-induced defect centers with thermal activation energies of 88, 104 and 144 meV were detected by DLTS 14, 15 with a combined production rate of 2.12 × 10 −3 cm −1 . These centers are likely to be related to nitrogen-vacancies. The effect of high-energy γ-rays on device performance was suggested to be dependent on dislocation and interfacial defect density. These results indicated that GaN has an intrinsically low susceptibility to radiation-induced material degradation, but that that the total-dose radiation hardness may be limited by damage to the metal-GaN interface. This case study shows some of the important issues in radiation-induced GaN device degradation, namely the dependence of the final outcome on the details of the device structure, such as the contact metallurgy, thickness of component layers, the post-irradiation thermal history, the polarity of the GaN material and the type of radiation involved.
GaN Materials and Device Technology
GaN is a direct bandgap (3.4 eV) semiconductor which is typically synthesized in the hexagonal wurtzite crystal structure with lattice constants a = 3.189Å and c = 5.185Å, generally on lattice mismatched substrates. There is a significant iconicity component to the bonding, with a strong charge transfer between the very electronegative nitrogen atoms and the less electronegative metal atoms (Ga in the case of GaN, or Al and In in the case of AlGaN and InAlN ternary alloys). The exciton binding energy is 23.4 meV, the refractive index is 2.43 and the thermal conductivity is 1.3 W/cm · K at 300 K. GaN has a lattice polarity along the c-axis direction due to the lack of inversion symmetry. Due to the presence of the polar axis, GaN-based materials grown on a lattice mismatched substrate can have two inequivalent orientations as shown in Figure 2 (top). 38 These orientations are the The Ga polar surface shows less change due to radiation exposure (after Matsuo et al. 38 ).
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Ga-face and N-face polarities, depending on whether the Ga atoms or N atoms are facing toward the sample surface. 38 For Ga-face layers, the crystallographic c-axis and the internal electric field are both directed away from the substrate toward the surface, while the polarizationinduced fixed lattice charges are in the opposite direction and are negative at the surface and positive at the substrate interface. For N-face layers, these charges and directions are inverted. The choice of Ga-face or N-face has been found to affect a number of devicerelated issues, including the radiation hardness. As shown in Figure 2 (bottom), 38 the Ga-face orientation shows a higher degree of resistance to changes in electrical resistance normalized to the pre-irradiation values as a function of 8 MeV proton fluence up to 5.8 × 10 14 cm −2 . Due to the lack of uniform, large area, low-cost GaN substrates, the GaN epitaxial process has benefited greatly from the viability of heteroepitaxy and the commercial success of GaN HEMTs is directly attributable to the ability to deposit high quality epitaxy on non-GaN substrates and the ability to integrate GaN HEMT device fabrication in standard GaAs processing lines. Historically, there have been three substrates used for heteroepitaxial GaN-based devices: sapphire (Al 2 O 3 ), silicon carbide (SiC), and silicon (Si). In addition, longlifetime GaN laser diodes have been achieved by homoepitaxy on GaN substrates. Many other materials have been used as substrates to deposit GaN, many with good crystalline quality, but the majority of research and development efforts have focused on sapphire, silicon carbide, silicon or gallium nitride substrates.
GaN blue, green and white LEDs initially drove the development and production of Al 2 O 3 as a substrate material. This industry has pushed demand for Al 2 O 3 wafer scaling up to 150 mm while reducing the price per unit area. The approaches originally developed for nucleating and growing GaN LED structures have been applied to the growth of GaN HEMT structures. These nucleation schemes very effectively mitigate the lattice incongruity between GaN and Al 2 O 3 while the coefficient of thermal expansion (CTE) mismatch favors compression of the epi, in contrast with the tension typically exhibited by GaN-on-SiC and GaN-on-Si. While compressive stress may manifest itself in wafer bow, it does not result in epilayer cracking as when growing on SiC or Si.
While much of the early GaN HEMT research utilized Al 2 O 3 substrates, the low thermal conductivity of this material has essentially removed its widespread application today. The extremely high power densities achieved with GaN HEMTs is achieved with high current densities that produces significant heating within the 2DEG channel of the HEMT and this self-heating will result in reduced current at high voltage. For this reason, HEMTs are now mainly fabricated from GaNon-Si or GaN-on-SiC structures. These heteroepitaxial devices contain dislocation densities from 10 8 to 10 9 cm −2 . By comparison, a typical Si or GaAs-based semiconductor device will have fewer than 10 4 cm
dislocations since densities significantly degrade device lifetime and performance. The epitaxial growth of GaN HEMT structures can be carried out by MOCVD or MBE, with the majority done with the former due to the lower cost. Whereas in other material systems, most notably GaAs, MBE typically provides higher purity sources resulting in 'cleaner' epi, in GaN the MBE process often uses metallorganic sources for the column III elements and/or gas source (i.e., ammonia) for the nitrogen (column V) element. The use of these source materials substantially reduces the higher purity advantage in the as-grown film realized in GaAs. Typically, HEMT structures are grown with a nucleation AlN layer that mitigates lattice mismatch and stress, followed by a buffer layer structure that also reduces dislocation density and provides electrical isolation to minimize leakage current. In a typical AlGaN/GaN HEMT, the AlGaN barrier layer Al content typically is in the range of 15-30% mole fraction with a thickness of nominally 15-30 nm. The structure may terminate with a GaN cap to planarize the surface and to increase the effective Schottky barrier height due to piezoelectric polarization effects. Figure 3 (top) shows the structure of a typical GaN-based HEMT. 4 GaN-based optical emitters (LEDs and laser diodes) have been a tremendous success story and although their applications are less The two most common GaN-based devices device structures for which radiation damage studies have been performed. A schematic of an AlGaN/GaN HEMT is shown at top, while a schematic diagram of an AlGaN/InGaN QW LED is shown at bottom (after Ionescu et al. 4 and Khanna et al. 171 ).
likely to involve radiation damage, there is still interest in their radiation hardness. These applications are in displays and lighting that are based on InGaN/AlGaN/GaN blue LEDs that excite a yellow-emitting phosphor, often Y 3 Al 5 O 12 :Ce. This combination of the blue light with the phosphor-generated yellow light leads to white light. The LEDs exhibit excellent reliability with lifetimes >100, 000 hours and are used in general lighting applications and for back-illumination in liquid crystal displays in mobile phones, tablets, laptops, computer monitors and TV screens, There is much progress on use of three-colour LEDs for dynamic control of color composition. The replacement of light bulbs and fluorescent tubes by LEDs leads to enormous energy savings. There is also emerging work on the use of UV-emitting AlGaN/GaN LEDs for water purification since their UV light destroys the DNA of bacteria, viruses and microorganisms. A typical GaNbased LED structure is shown in Figure 3 (bottom).
Blue and UV-emitting GaN diode lasers are employed in highdensity DVDs for information storage and are under development for laser lighting because of their superior efficiency relative to LEDs at high powers. These laser lights are already used in some highend automotive applications. Future work will include optimizing the orientation of the nitride layers with the discovery that the nonpolar plane is not efficient for emission wavelengths beyond blue and this has led to a focus on use of semipolar planes such as (20-2-1), (10-1-1) and (20-21) for blue, green, yellow, and red emitting devices.
In this review, we will focus on the effects of radiation damage in the two most common GaN devices, namely HEMTs and LEDs, Q38 ECS Journal of Solid State Science and Technology, 5 (2) Q35-Q60 (2016) although the results are relevant to other GaN-based devices such as lasers, solar-blind UV detectors, heterojunction bipolar transistors, diode rectifiers and various types of gas and biomedical sensors.
Stopping of Ions and Related Lattice Damage in GaN
As they traverse the GaN device, the irradiating ions lose energy by two main mechanisms, known as nuclear and electronic stopping. [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] These mechanisms are due to interactions with the nuclei and the electrons of the target material, respectively. 126 If the ions collide with atoms in the GaN, the positively charged ions are Coulombically repelled by the positive cores of the lattice atoms. This Coulombic repulsion is "screened" by the cloud of electrons surrounding each atom. Nuclear stopping is more important at higher atomic number (heavier elements) and lower ion velocities (low acceleration energy/voltage). 111, 113, 114 Electronic stopping dominates at lower atomic number (lighter elements) and higher ion energies. [118] [119] [120] [121] The rate of energy loss to nuclear collisions per unit path length can be calculated by summing the energy loss multiplied by the probability of that collision occurring. [121] [122] [123] [124] Nuclear stopping is elastic, and so energy lost by the incoming ion is transferred to the target atom that is subsequently recoiled away from its lattice site, creating a damage or defect site. 111, 114 Electronic stopping is inelastic since energy is lost during the process. The collisions may result both in excitations of bound electrons of the medium, and in excitations of the electron cloud of the ion as well as thermal vibrations of the target. 111, 114, 121 The lost energy eventually dissipates as heat, and does not create atomic displacements in the materials. The electronic stopping cross section is proportional to the velocity of the implanted ion and therefore to the square root of its energy. Its contribution dominates in the high-energy regime.
Nuclear stopping power refers to the elastic collisions between the projectile ion and atoms in the GaN. The conventional term "nuclear" is somewhat imprecise since nuclear stopping is not due to nuclear forces, but it is meant to note that this type of stopping involves the interaction of the ion with the nuclei in the target. These displaced nuclei may also have enough energy to displace other nuclei, leading to a cascade of recoiled atoms. 115 Nuclear energy loss dominates at low to intermediate energies, and leads to the creation of deep-level compensating defects. 117, 118 At high energies, the contribution from this process tends to be small because fast ions have only a short time to interact with a target nucleus, and cannot transfer energy efficiently. [125] [126] [127] Figure 4 shows a schematic of the relative energy loss due to electronic and nuclear stopping processes as a function of ion energy. The relative importance of these two stopping mechanisms Figure 4 . Schematic of the cross section S (proportional to the energy loss per unit distance) for electronic (S e ) and nuclear (S n ) stopping processes as a function of ion energy. Typical values for the parameters E 1 , E 2 and E 3 for N ions irradiating GaN are: E 1 = 20 keV, E 2 = 40 keV, E 3 = 8 MeV. also depends on the mass of the implanted ions, the mass and atomic density of the target. 111 Both the stopping effects produce an energy loss rate of some tens of eV per angstrom in semiconductors.
At the ion energies typically encountered in space applications, the ions pass through the entire GaN device, as well as the substrate. Figure 5 shows a Transport of Ions in Matter (TRIM) simulation 111 of the range of protons in GaN over the energy range 1-100 MeV. Even a 2 MeV proton has a range of 43 μm in GaN, much larger than the thickness of the epi films used in HEMTs or LEDs.
One can calculate the energy loss using the well-established treatments in the literature, originally developed for ion implantation in solids. There are a number of codes available to do this, including TRIM/SRIM (a Monte-Carlo approach), 111 Marlowe (developed at Oak Ridge National Labs) 126 and a number of commercial programs. We briefly summarize the physics behind these simulators.
The interaction potential V(r) between the ion and the GaN is a repulsive coulomb potential due to the positive charges of the core atoms. 111, 124 This coulomb potential is screened by the surrounding electrons. The effect of the electrons can be described by adding a dimensionless screening function (r) to the coulomb potential.
where Z 1 is the atomic number of the ion and Z 2 is the average atomic number of the Ga and N, e is the electronic charge and r is the distance of closest approach of the ions and nuclei. The average nuclear stopping power S n (E O ) provides the average energy transferred by each nuclear collision between the ions and the Ga and N atoms if the particle energy is E O . The nuclear stopping power in units of eV/(atom/cm 2 ) is given by
The universal screening potential is a function of the dimensionless reduced radius x which is related to the real radius by the scaling length a u, given by The radiation hardness of any semiconductor device is determined by its response to various types of radiation exposure. These include total ionizing dose (TID), which is the degradation induced by a cumulative dose of radiation, enhanced low dose rate effects (ELDRS), in which low doses produce a disproportionately large amount of damage compared to that of higher doses, neutron and proton displacement damage, and single event effects (SEE), in which the passage of a single ion or short burst of radiation can disrupt the operation of the device. This creates an ionized track which may cause a highly localized effect similar to a transient dose and lead to a change in output, a bit flip in memory or a register or in extreme cases, a destructive latchup and burnout. TID is typically caused by lattice displacement damage caused by ionizing radiation over the integrated exposure time and may be caused by high energy X-rays, γ-rays, or charged particles such as protons and heavy ions. [125] [126] [127] [128] [129] In Si CMOS devices, this damage is typically detected as trapped charge in an oxide layer, surface, or interface as the electrons created are removed by the electric fields present in the device, leaving a net positive charge in the oxide or interface. These effects may cause shifts in threshold voltage and increase leakage current of the device. In GaN devices, MOS technology is not yet established and metal gates are more commonly used for charge control in transistors. In that case, the TID is more typically detected as a change in the carrier density and mobility in the channel of transistors or a decrease in optical output from LEDs. All of these types of radiation, ie. charged particles, X-rays and γ-rays, deposit energy and create electron-hole pairs in the GaN. This dose is measured in units of Rads (an acronym for radiation absorbed dose) or the SI unit which is the gray (Gy); 1 Gy = 100 rads = 1 J/kg. TID generally results in gradual degradation of the device performance.
In addition to the protons and heavy ions in the space environment, neutrons occur naturally in the terrestrial environment, and nuclear reactors emit both neutrons and γ-rays. Neutrons cause nonionizing damage to semiconductor materials, and may cause nuclear collisions which create secondary ionizing particles. The behavior of charged particles such as protons, electrons and alpha particles) on the semiconductor through which they pass is quite different from that of neutrons and gamma rays. As discussed earlier, the charged particles are directly ionizing as they strongly interact with the orbital electrons of the semiconductor as they pass through.
Displacement Damage
Displacement damage is the most important effect observed in irradiated GaN devices and is the result of nuclear interactions which cause lattice defects. Displacement damage is due to cumulative longterm non-ionizing radiation damage in the GaN. The collision between an incoming ion and a lattice atom displaces the atom from its original lattice position, leaving vacancies, interstitials and complexes of both, sometimes with impurities in the GaN. If an incident energetic particle such as a neutron or proton collides with the nucleus of a lattice atom, the primary knock-on atom may be displaced from the lattice if the incident particle has sufficient energy (E > Ed), where Ed is the lattice displacement energy. The lattice displacement energy is inversely proportional to the lattice constant. If a lattice atom is displaced, it may result in a stable defect or trap, which will affect the performance of the HEMT by removing carriers from the 2DEG and decreasing the mobility. The defects may also result in threshold voltage shift, decrease in transconductance, and decrease in drain saturation current.
Displacement damage can be quantified using the non-ionizing energy loss (NIEL) due to the nuclear stopping component. The NIEL is energy lost to non-ionizing events per unit length, in units of MeV/cm or MeV · cm 2 /g. The NIEL is a useful concept for devices because it is commonly observed that displacement damage effects are proportional to the non-ionizing particle's energy loss and the nuclear recoils produced. 125, 126 A displacement damage dose (Dd) can be computed from the relation Dd is equal to the NIEL times the dose ( ). The production of vacancies and interstitials involves a transfer of particle kinetic energy to potential energy stored in the crystal lattice. Both vacancies and interstitials (especially the latter) are mobile at fairly modest temperatures and thermal annealing causes a significant fraction of them to recombine. At these temperatures, the vibration of the atoms in the lattice increases, and this additional energy provides a mechanism by which an interstitial can migrate to a nearby vacancy and eliminate both defects by recombination. [125] [126] [127] [128] The NIEL discussed earlier is used to describe the rate of energy loss due to atomic displacements as a particle traverses the GaN layers. The product of the NIEL and the particle fluence (time-integrated flux) gives the displacement damage energy deposition per unit mass of material. NIEL plays the same role to the displacement damage energy deposition as the stopping power to the TID. The concept of NIEL has been very useful for correlating particle-induced displacement damage effects in semiconductor and optical devices. [125] [126] [127] Many studies have successfully demonstrated that the degradation of semiconductor devices upon exposure to radiation fluxes can be linearly correlated to the displacement damage energy, and subsequently to the NIEL deposited in the semiconductor devices. The Monte Carlo code TRIM (Transport of Ions in Matter)/SRIM (Stopping and Range of Ions in Matter) is widely used to obtain information about vacancy production rates. 111 With some manipulation of the output files, TRIM can also be employed to calculate NIEL. [125] [126] [127] The TRIM output gives the vacancy production rate as a function of position as the incident proton slows down in the target material. Combining these data with the total energy loss data, the vacancy production rate as a function of proton energy can be found. [111] [112] [113] [114] [115] The vacancy concentration can be converted to damage energy using the modified Kinchin-Pease approximation 118 which then yields the NIEL as a function of proton energy. As an example, Table I shows calculated Ionizing and Non-Ionizing Energy Losses and Total Ionizing Dose for protons of different energy in GaN at a fixed fluence of 10 13 cm −2 . Notice how all of these quantities actually decrease at higher energy due to the increased electronic stopping component. This also means that NIEL in the active regions of HEMTs or LEDs is lower for higher ion energies, with a consequently lower amount of device degradation.
In the case of lower ion energies where the particles actually stop in the active region of the device, the projected range Rp is then essentially proportional to the initial incident ion energy. With an amorphous target material, the ion profile follows purely Gaussian stopping distribution, which is related to the projected range Rp, standard deviation Rp and implant dose 111
The peak concentration Np = / √ 2π Rp occurs at Rp, and N(x) = N p / √ e at x = R p ± R p . Considering the single crystal nature of the GaN, the channeling effect must be taken into account. Channeling takes place when implanted ions enter regions between rows of atoms, so that few nuclear collisions occur. In the beginning of the slowingdown process at high energies, the ion is slowed down mainly by electronic stopping, and it moves almost in a straight path. When the ion has slowed down sufficiently, the collisions with nuclei (the nuclear stopping) become more and more probable, finally dominating the slowing down. When atoms of the solid receive significant recoil energies when struck by the ion, they will be removed from their lattice positions, and produce a cascade of further collisions in the material. These collision cascades are the main cause of damage production during ion implantation in semiconductors.
When the energies of all atoms in the system have fallen below the threshold displacement energy, the production of new damage ceases, and the concept of nuclear stopping is no longer meaningful. The total amount of energy deposited by the nuclear collisions to atoms in the materials is called the nuclear deposited energy. Light ions slow down initially primarily by electronic stopping with little displacement damage until eventually nuclear stopping becomes dominant at the end of this range. By contrast, heavy ions undergo a relatively higher degree of nuclear stopping, displacing target atoms right from the surface inwards, producing collision cascades, leading to considerable lattice damage within a small volume. Depending on the ion, the dose, and the implant temperature, the implant damage can consist of either amorphous layers or extended crystalline defects (dislocations and stacking faults). In GaN, damage accumulation and possible amorphization are modeled by either a heterogeneous mechanism, in which individual damage clusters are considered to be amorphous and overlapping of these regions results in complete amorphization (heavy ions), or a homogeneous mechanism in which the crystal becomes unstable and collapses to an amorphous state when the defect density reaches a critical value (light ions). Since ions require certain threshold energy for the production of damage, the maximum of damage distribution is always closer to the surface than that of the ion profile. Note that for a particular ion to completely penetrate a doped semiconductor layer and render it semi-insulating, it is the ion damage profile that is important, not the ion profiles itself. Both the damage profile and dopant profile can be simulated by Monte Carlo calculations of energy deposition given up in atomic stopping processes.
To summarize the above, a successful displacement damage model for GaN devices must account for various experimental observations, including dynamic and injection annealing effects, the role of impurities, differences in carrier removal rates by different types of radiation and the observed scaling of degraded parameters with the nonionizing energy loss in many cases.
Early radiation damage studies included the development of the Gossick cluster model, 112 which has given a qualitative understanding of the functional dependence of displacement damage effects. This was enhanced by the discovery of the correlation of displacement damage with nonionizing energy loss. It must be emphasized that there are still gaps in the understanding of the microstructure of radiationinduced defects and how the type of radiation influences both their stability and production. For example, in Si, the well-known E-centers (vacancy-phosphorus defects) produced by 1-MeV electrons anneal at a significantly lower temperature than those produced by protons. The situation in GaN is at an even more preliminary stage in terms of understanding the main defects created by radiation other than protons.
The nonionizing energy loss rate can be calculated analytically from first principles based on differential cross sections and interaction kinematics. NIEL is that part of the energy introduced by elastic (both Coulombic and nuclear) and nuclear inelastic interactions that produces the initial vacancy-interstitial pairs and phonons (e.g., vibrational energy). NIEL can be calculated for any type of radiation using the following analytic expression that sums the elastic and inelastic contributions: NIEL = (N/A) [σ e T c + σ i T i ], where σ e and σ i are total elastic and inelastic cross sections, respectively, T e and T i are elastic and inelastic effective average recoil energies corrected for ionization loss, respectively, N is Avogadro's number, and A is the gram atomic weight of the target material. Note that the units for NIEL, typically MeV-cm 2 /g, are the same as those for stopping power or linear energy transfer (LET) that describe energy transfer by ionization and excitation per unit length. Since nuclear stopping power does not involve electronic excitations, NIEL and nuclear stopping can be considered to be the same quantity in the absence of nuclear reactions. The total non-relativistic stopping power is therefore
The model given by Ziegler, Biersack and Littmark 111 (the socalled "ZBL" stopping) in the different versions of the TRIM/SRIM codes, is used most often today.
Summary of Radiation Effects in GaN
Harsh environments involving high radiation fluences present a severe challenge for designers of GaN electronic and photonic devices for use in space, critical systems for nuclear reactors, and position sensitive detectors for particle beams and advanced light sources. 5 In space-based applications, the radiation doses encountered are up to 40 Mrad, although in the most extreme conditions envisaged may reach 400-1000 Mrad depending on radiation type. [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] Radiation induced defects within the semiconductor lead to enhanced generation /recombination currents, reduced charge collection signals in detector structures, and a drift in the operating point, to the extent that stable operation is not possible beyond fluences of roughly mid-10 14 fast hadrons/cm 2 in silicon detector technology. 5 . Newer technologies such as GaN would reduce the need for replacing Si detectors in applications like the CERN Large Hadron Collider (LHC) in which the detectors operate at beam peak luminosities of roughly 10 35 cm −2 s −1 and would require replacement of the detectors more than once a year. 5 For particle tracker applications in accelerators, the requirement for large total radiation length in order to minimize effects of multiple scattering currently limits interest to diamond or SiC. However, for space applications GaN offers the prospect of making high-speed power handling devices that are highly radiation hard. 5 The changes of AlGaN/GaN parameters start at doses far exceeding the ones expected in space applications. The main bulk of experimental device results refers to proton irradiation because of the practical importance of protons of (1-100) MeV for space applications and because high energy protons are convenient when studying the radiation effects on GaN-based heterostructures. [130] [131] [132] [133] With neutron irradiation problems with induced radioactivity are a serious concern, while, for gammairradiation very high radiation doses have proved to be necessary to observe detectable changes. Electron irradiation has been widely used for defect studies aimed at determining fundamental material characteristics, but has not been so popular in device degradation work.
Proton damage.-With proton irradiation, the main effects in GaN are a reduction in carrier concentration due to trapping into radiationinduced defect levels and a reduction in carrier mobility, while in HEMTs one observes a shift of the threshold voltage toward more positive values, the decrease of the saturation current I Dmax caused by the decrease of the 2DEG density and 2DEG mobility, and the decrease of devices transconductance (gm). Carrier scattering from radiation-induced defects in or near the 2DEG decreases mobility while induced defects elsewhere act as charged traps that screen the 2DEG and decrease the carrier concentration. There is also an increase in gate lag after proton irradiation. 25 Gate-lag can significantly limit the RF performance and long-term reliability of GaN HEMTs and in unirradiated GaN devices is attributed to two mechanisms, namely trapping in the GaN buffer region of the device and trapping at the AlGaN surface. Gate-lag due to surface traps originates from temporary variations in the occupancy of donor traps in the access regions next to the gate. Gate-lag due to bulk traps in the GaN buffer region may also occur due to the trapping of hot electrons generated in the 2DEG under the gate edges. This depletes the 2DEG and causes a reduction in the drain current. The magnitude of the reduction in drain current depends on trap density and distribution, trap energy, and the presence or absence of a passivation layer on the surface. These effects are illustrated by Figures 6-8 for 1.8 MeV proton irradiation at room temperature. 12, 17, 22, 24, [27] [28] [29] [30] [31] [32] The rate of parameter changes was found to decrease with increasing the proton energy which correlates with the amount of energy deposited by the given particle into atomic displacements in the AlGaN barrier and the 2DEG region. 33 The normalized drain current decreases almost linearly with fluence according to the relation
where I DMax(irradiated) and I DMax(unirradiated) are the drain currents after and before irradiation, respectively, m is a constant with value 1.63 × 10 15 cm 2 and is the fluence to which the HEMTs were exposed.
33 Figure 9 shows the decrease in drain current of AlGaN/GaN HEMTs irradiated with protons, electrons, He + or C + ions over a range of energies and doses. 33 The non-ionizing energy loss varies from 0.03 for 2 MeV protons to 13.4 MeVcm 2 /g for 1.5 MeV C + ions irradiating the HEMTs, or equivalently, the carbon ions are about 450 times more damaging than the protons at these energies. 33 As expected, the HEMTs exhibit a high radiation tolerance on the order of 100 Megarads and this is independent of the aluminum mole fraction in the AlGaN, which was varied from 0.15 to 0.36 in these experiments. 33 The role of background impurities in the GaN is also of interest, particularly hydrogen, which is a common component of the precursors used to grow all MOCVD material. We have not seen any effect of hydrogen content on the removal rate of carriers in either proton or electron irradiated GaN when the hydrogen was injected post-growth by exposure to a plasma. However, in material grown by MBE using NH 3 -rich conditions, there were differences noted in the rate of positive threshold voltage shift and transconductance of HEMTs upon 1.8 MeV proton irradiation. 30, 35, 36 The threshold voltage shifts were found to be the highest for N-rich MBE growth, considerably lower for Ga-rich MBE growth, and the lowest for NH 3 -MBE and MOCVD growth (both characterized by N-rich conditions and the abundance of hydrogen). In a comparison of HEMTs grown only by MBE under Ga-rich or ammonia -rich conditions, while there was no difference in pinch-off voltage change with proton fluence, 45 there were significant differences in transconductance as shown in Figure 10 . 45 The NH 3 -rich devices showed lower degrees of degradation in transconductance with increasing proton fluence and the 1/ f noise of the devices increased with increasing fluence. Density functional theory calculations showed that N vacancies and Ga-N divacancies lead to enhanced noise in these devices. 35, 37 Density functional theory calculations show these changes were consistent with the reconfiguration and/or dehydrogenation of oxygen-related defects in Ga-rich devices. 45, 85 It is widely accepted that the positive shifts of the threshold voltage are caused by the introduction of negatively charged traps in the AlGaN barrier or in the GaN buffer, while negative shifts are due to the increase of the positive charge in the barrier. Calculations of the defects formation energies and defects concentrations in AlGaN by protons showed that the type of defects formed by irradiation depends Figure 10 . Normalized peak transconductance as a function of 1.8 MeVproton fluence for AlGaN/GaN HEMTs grown under either Ga-rich or ammonia-rich conditions (after J. Chen et al. 45 ).
on the density and type of starting defects. 98, 108, 128 If, for example, in the initial state the dominant defects are V Ga acceptors, as it should be for n-type material, particularly under N-rich growth conditions, proton irradiation can transform them into negatively charged nitrogen interstitials Ni and negatively charged V Ga -V N divacancies (the latter with the −2/−3 charge transition level near E c -1 eV in AlGaN). The result is the buildup of the negative charge in the barrier and the shift of the threshold voltage to more positive values. Since the ionization level of divacancies is close to the Fermi level in the barrier, one can expect the increase in the low-frequency noise of the devices which indeed is observed. 37, 54 The density of V Ga should be higher under the N-rich conditions in MBE and therefore the value of the positive shift in the threshold voltage should be the more pronounced than for MBE growth under Ga-rich conditions. For MOCVD and NH 3 -MBE grown HEMTs, additional hydrogen passivation of defects was needed to explain the relatively lower shifts of the threshold voltage. 37, 54, 98, 108 This hydrogenation of defects was proposed as the cause of the negative threshold voltage shifts upon the application of off-state-stress to the HEMTs, with the dominant hydrogenated defects proposed to be C acceptors and nitrogen antisite donors. 37, 54, 98, 108 GaN Schottky diodes offer a simplified platform to understand the effects of proton damage. Figure 11 shows the normalized carrier concentration in n-GaN diodes as a function of 1.0-and 1.8-MeV proton fluence (top) and Schottky barrier height in these diodes (bottom) as 24 ). a function of proton fluence. 24 Note the reduction in carrier density due to trapping of conduction electrons in deep level states created by radiation exposure and the reduction in barrier height. 24 Electron damage.-Electron irradiation of GaN has been much less studied than proton damage. Electron irradiation with various energies creates 0.16-0.18 eV traps in GaN due to N vacancies with ionization energy of 0.07 eV and a high barrier for capture of electrons. Other traps are tentatively ascribed to Ga vacancy complexes with nitrogen interstitials. These defects can be annealed at ∼300
• C. Electron irradiation produces strong compensation of the conductivity in GaN/AlGaN multiple quantum wells and introduces interface traps with ionization energies of 100 meV and 190 meV, in addition to a broad band of interface traps closer to the middle of the bandgap, acceptor traps near E c −1.1 eV and hole traps near E v +0.9 eV in the GaN barriers and at the GaN/InGaN interfaces in the QWs. Electron irradiation creates much higher densities of defects than gamma-radiation but lower than protons. Under electron irradiation of HEMT structures, one observes negative-voltage threshold shifts at lower fluences similarly to the case of gamma-radiation, but positive shifts for higher fluences, similarly to the case of protons. The rate of electron irradiation induced parameter changes of the AlN/GaN HEMTs was found to be about an order of magnitude slower than that of AlGaN/GaN HEMTs. 91 This was explained by the much thinner barrier in the AlN case and, hence, the lower energy impacted into lattice defects formation by irradiating electrons in such a barrier. The main effect of electron irradiation of AlGaN/AlN/GaN, AlGaN/GaN, and InAlN/GaN heterojunctions (HJs) grown by MOCVD on sapphire and of AlGaN/GaN heterojunctions grown by MOCVD on Si (111) is the decrease of 2DEG mobility of heterojunctions with consequent increase of the sheet resistivity, while the 2DEG concentration was effected only slightly. 91 The decrease in threshold voltage of AlGaN/GaN/Si HJs and HEMTs can be explained by an increase of the density of deep acceptor traps. DLTS and admittance measurements on AlGaN/GaN/Si HEMTs and admittance spectra measurements on AlGaN/GaN/Si HJs show that the traps involved have activation energies of 0.3, 0.45, 0.55, and 0.8 eV. The radiation tolerance of AlGaN/GaN on Si HEMTs is similar to that of more established AlGaN/GaN and AlGaN/AlN/GaN structures on sapphire, while the radiation tolerance of InAlN/GaN structures is considerably lower.
Gamma ray damage.-Previous reports on the effects of gammaray irradiation on GaN, especially device structures, exhibited some conflicting results. 14, 15, 31, 40, 42, 48, 59, 61, 62, 134 In general, HEMTS that are irradiated with gamma rays exhibit negative threshold voltage shifts and in some cases an increase in 2DEG sheet concentration, in contrast to the results for proton-irradiated HEMTs. Compton electrons induced from γ-radiation create electron-hole pairs, thus changing occupancy of traps. Unlike proton irradiation, some studies claim that these defects can improve device performance such as increasing drain saturation current. 59, 60 These defects are believed to be nitrogen vacancies that have electrical activation energies about 216 meV from the conduction band. Nitrogen vacancies act as donors and increase the effective channel doping and thus increase drain-source current in HEMTs. These types of defects have been reported after low-energy proton, electron, and γ-irradiation. It was also reported that low dose γ-irradiations partially relaxed the AlGaN/GaN heterostructure elastic strains and enhanced the electron mobility by around 7-8%. 61, 62 This improvement of the electron mobility could also increase the drain current.
In contrast to these results, Schwartz et al. 42 showed that the drain current was reduced by about 60% after γ-irradiation at around 700 Gy. These defects in that case must reduce the carrier concentration in the irradiated devices, and there was more degradation with increasing γ-irradiation dose. The defects produced by γ-irradiation may be structure sensitive, which would be one reason for the discrepancies between different reports. 40, 42 Also, dose clearly plays a role in the performance of the devices after irradiation. Vintusevich et al. 61 found out that at 10 5 rad, the Ids increased but started to deteriorate Figure 12 . I-V characteristics for epitaxial n-GaN diodes after either X-ray or 1 MeV neutron irradiation (after Rahman et al. 5 ).
after higher doses of 10 6 rad. Some of the important factors that could affect the electrical characteristics after the gamma-ray irradiations include the presence of a passivation layer, the metals used in the gate and Ohmic contacts, the native defect density in the barrier and GaN layers, and the gate length and gate width. The passivation layer affects the transport in the channel in HEMTs, and can reduce current fluctuations after irradiation. In some cases, the type of metallization on semiconductors also affects the electrical characteristics under high dose gamma-ray irradiation. Gamma rays can cause reactions at the interface between the metal and semiconductor, resulting in high ideality factors and increased on-state resistance, as well as reordering of native defects and impurities. For 60 Co gamma-irradiation with a very high dose of 600 MRad, the threshold voltage shifted to more negative values, the saturation current slightly increased, while the slope of the drain-source I-V characteristics in the linear region markedly decreased signifying a slightly higher 2DEG concentration, but a lower 2DEG mobility.
Neutron damage.-In the study of Rahman et al., 5 Schottky diode GaN detectors were irradiated with 1 MeV neutrons to fluences of 5 × 10 14 cm −2 and with 10-keV X-rays to doses of 600 Mrad. Neutrons have a significantly higher damage factor than X-rays and the neutron irradiation reduced charge collection efficiencies values to about 75% whereas the X-ray irradiation had almost no impact on this parameter since the carrier transit times across the depletion region of the detectors remained comparable to the defect capture times. The I-V characteristics in Figure 12 also show only a slight degradation in the reverse characteristics with X-ray irradiation, 5 but the neutron irradiation basically destroyed the diode behavior of the detectors. 5 In terms of the defects responsible for the positive shift of the threshold voltage of HEMTs after irradiation, the literature suggests that these are the same defects as present in the material rather than new types of defects created during the irradiation. For example, it was shown that neutron and electron irradiations produce defects similar to the defects causing metastabilities and low threshold voltages in AlGaN/GaN, AlGaN/AlN/GaN, and InAlN heterostructures. Neutron irradiation effects were studied for a group of AlGaN/AlN/GaN heterostructures with Al composition in the barrier of 20, 30, 40, and 50%. 94 The neutron irradiation increased the density of the acceptor states in the barrier layers and these acceptors were shown to be the same ones that caused metastable decrease of the threshold voltage upon cooling down at high reverse bias and persistent increase of the threshold voltage after low temperature illumination. The threshold voltages necessary for 2DEG depletion in Ni Schottky diodes fabricated on the heterostructures were found to shift toward more positive values with increasing the neutron fluence in the (1-5) × 
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15 cm −2 range. DLTS and the optical ionization spectra of acceptors before and after irradiation were very similar to these characteristics in the starting films. Thus, it was concluded that the neutron irradiation increases the density of pre-existing barrier traps rather than creates new traps. 94 The trap concentrations at various neutron fluences could be estimated from observed changes of the threshold voltage and increased approximately linearly with the neutron fluence (see Figures 13 and 14) . The introduction rate of these acceptors were similar to the introduction rate of compensating acceptors measured for undoped AlGaN single films. The introduction rate of acceptors increased for AlGaN films with high Al composition (40% or higher) for which the starting concentrations of deep barrier acceptor traps were high. Most likely, this increased starting concentration reflected higher density of native defects and impurities (see above). The lower radiation tolerance of these more defective and less pure materials is, however, in line with the results of calculations suggesting that the effective radiation defects formation energies should decrease for material with a higher starting density of defects. 94 The second effect of neutron irradiation is the decrease of the 2DEG mobility measured by Hall effect. 20, 56, 135 The characteristic feature of these results was that the mobility started to rapidly decrease at a certain threshold fluence, and the value of this fluence was the lower the higher the starting density of the barrier traps. Simultaneously with the strong decrease of 2DEG mobility measurable decreases of the Schottky diodes capacitance in accumulation are reported. For fluences greatly exceeding the threshold fluence the 2DEG conductivity could no longer be observed. In the sample with the highest Al composition of 50% in the AlGaN barrier and the highest density of deep barrier acceptors this loss of 2DEG mobility occurred after irradiation with the lowest neutron fluence used (10 15 cm −2 ). The mobility changes observed were explained in the following way. The Fermi level at the surface of AlGaN/GaN heterostructures is pinned somewhere around Ec−1 eV. Thus, at 0 V surface potential the 2DEG density should be at its maximum at the AlGaN/GaN interface. However, the presence of a high density of deep charged acceptors in the barrier causes local fluctuations of the threshold voltage and hence nonuniform 2DEG concentration and additional scattering that affect the 2DEG mobility. 20, 56 The magnitude of the effect is higher for higher density of the barrier acceptors. As the density of these acceptors increases with irradiation the magnitude of the threshold voltage fluctuations increases causing the gradual decrease of mobility. When the magnitude of local fluctuations of the threshold voltage becomes so high that in parts of the structure the voltage locally exceeds the threshold voltage, local areas where no 2DEG is present appear. This results in the current flow in the 2DEG region acquiring the percolation character thus pulling down the effective 2DEG mobility. The Schottky diodes capacitance in accumulation also decreases because only part of the area is occupied by the 2DEG electrons. 135 The behavior of AlGaN/GaN heterostructures with Al composition of 30% was also compared with the behavior of the AlGaN/AlN/GaN heterostructures for the case of neutron irradiation. 137, 140 The presence of deep acceptors causing the same metastability as for the AlGaN/AlN/GaN structures was observed and the characteristics of acceptors as determined by the spectral dependence of the threshold voltage shift and the signatures of defects in reverse DLTS were similar for AlGaN/AlN/GaN and AlGaN/GaN structures. The behavior of mobility with irradiation and the changes of the threshold voltage Q45 with neutron fluence were also similar for the same concentration of Al in the barrier indicating that the main event occurred either in the AlGaN barrier or in the GaN buffer, not at the AlN/GaN interface. 137 For InAlN/GaN heterostructures, the neutron irradiation effects again were similar to those observed in AlGaN/AlN/GaN, AlGaN/GaN heterostructures, but the density of deep compensating acceptors before irradiation was quite high, on the level of AlGaN barriers with high Al mole fraction (3.4 × 10 12 cm −2 in InAlN versus 1.8 × 10 12 cm −2 for AlGaN (40% Al) and 3.2 × 10 12 cm −2 for AlGaN (50% Al)). This could be related to the presence of higher impurity (particularly, oxygen) concentration in InAlN. The starting 2DEG mobility value in InAlN/GaN heterostructures was quite comparable with the 2DEG mobility in AlGaN/GaN structures, but the threshold neutron fluence for the onset of strong mobility degradation was much lower than for AlGaN. 
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After irradiation the pulsed signal compared to DC signal decreased by about two times pointing to a much more prominent contribution of deep traps. From DLTS and admittance spectra results it seems reasonable to associate this decrease with the increased density of barrier/interface traps with activation energy 0.3, 0.45, 0.55, and 0.8 eV introduced by irradiation. 91 Coming back to the point that radiation exposure increases the concentration of defects already present in the GaN, Figure 16 shows a schematic representation of energy levels in the gap of both n-and p-type GaN before and after proton irradiation. 71, 78 Note how many of the defects already present in the material increase after proton irradiation. Figure 17 provides a summary of the carrier removal rates in n-and p-GaN films, and InAlN/GaN and AlGaN/GaN HEMT structures exposed to proton, electron, neutron or gamma-ray fluences at different energies. The carrier removal rate relates the removal of carriers as deep traps are introduced by the radiation. The carrier removal rate R c can be related to the radiation fluence, , initial carrier concen- tration, n o , and final carrier concentration after irradiation, n, through the equation n-n o = R c . These results provide a practical guide for estimating how much degradation will occur in GaN-based materials or devices for a given dose of any of these types of radiation. These are found to be a strong function of initial carrier concentration, dose rate and dislocation density in the material. For example, high dose rates may lead to more extensive defect complexing, or sample selfheating with consequent higher rates of self-annealing of defects. It is important to ensure that carrier removal rates are being measured in a regime in which saturation of the carrier trapping has not already occurred, leading to artificially low extracted carrier removal rates. This will obviously occur at lower doses for lightly doped samples.
Proton irradiation leads to carrier removal rate in proton irradiated n-GaN∼ 10 2 -10 3 cm −1 depending on the proton energy and increases for higher donor concentrations. In p-GaN implanted with 100 keV protons, degradation of luminescent and properties starts at doses ∼10 12 cm −2 , while decreases in hole concentration were evident for Figure 16 . Schematic of position in the bandgap of defects in n-and p-GaN before and after proton irradiation (after Sasikumar et al. 71, 78 Both threshold doses are more than an order of magnitude lower than in proton implanted n-GaN and may involve complex formation between the radiation defects and Mg acceptors. The main deep centers introduced by proton damage in pGaN have activation energies 0.3 eV, 0.6 eV and 0.9 eV. It is important to understand the limitations of applying these numbers-if the dose used is high enough to create a trap density that removes all carriers, then obviously any further increase in dose has no effect on carrier removal other than to create hopping conduction. Thus it is imperative that the carrier removal rates be measured at low enough doses or in material with a high enough carrier density that the removal rate scales in a linear fashion with fluence. 56, 57 This is one of the reasons that literature values of carrier removal rates for each of the radiation types show a significant variation, even for nominally similar energies and fluences.
Changes in GaN-Based HEMT Performance after Irradiation
Proton damage.-A wide range of studies have been performed on proton damaged HEMTs in different proton energy regimes. 5, 12, 16, [21] [22] [23] [24] [25] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [42] [43] [44] [45] [46] [47] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] 79 For the high energy protons encountered in space-based applications, AlGaN/GaN HEMTs show decreases in tranconductance (g m ), drain-source current (I DS ), shifts in threshold voltage (V T ) and gate current (I G ) after irradiation with 40 MeV protons at doses equivalent to decades in low-earth orbit. These protons create deep electron traps that increase the HEMT channel resistance and decrease carrier mobility. The effects of radiation-induced displacement damage on device properties are usually described using models based on an approximately linear relationship between the calculated NIEL and the damage factor. AlGaN/GaN HEMTs are relatively robust when exposed to particle irradiation due to the high threshold energy, over 20 eV, required for stable defect creation in a perfect crystal. Because of this high threshold energy, they have a much higher threshold for damage.
A number of factors can influence the relationship between NIEL and damage in semiconductor structures. 33, 34, 42, 50 For example, in AlGaN/GaN HEMTs at low proton fluences, the degradation is dominated by changes in device regions other than the two-dimensional electron gas (2DEG), such as the electrical contacts, while at higher fluences, displacement damage in the region of the 2DEG and surrounding layers becomes a more significant contributing factor. In the case of high-fluence proton irradiation (at an energy of 1.8 MeV), the vast majority of recoil atoms have energy less than 20 eV. However, theoretical studies of atomic recoils in GaN using classical molecular dynamics indicate that average displacement threshold energies are 45 eV and 100 eV for Ga and N atoms, respectively. These high average displacement thresholds suggest that post-irradiation material degradation is difficult to explain solely by the displacement of atoms in a perfect crystal lattice, since the average recoil energy is significantly less than the threshold energy for atomic displacement, and because high-energy transfer collision events are relatively rare. The calculations suggest that, while low energy recoils do not create defects in a perfect lattice, these particles can interact with pre-existing defects, formed during processing, and with radiation-generated defect complexes in the end-of-track regions. 29, 36, 107, 108 The end-of-track regions have high concentrations of vacancies. Threshold-voltage shifts and increases in 1/f noise are observed in proton-irradiated AlGaN/GaN high-electron-mobility transistors, indicating defect-mediated device degradation.
In AlGaN/GaN HEMTs, the drain-source currents decreased 15-20% for irradiation with 40 MeV protons at a dose of 5 × 10 9 cm −2 and 30-50% decrease at a dose of 5 × 10 10 cm −2 . 32 Post-irradiation annealing at 300
• C restored 70% of initial gm and Ids in such HEMTs receiving doses of 5 × 10 10 cm −2 . For proton-irradiation at 1.8 MeV, both AlGaN/GaN and AlGaN/AlN/GaN HEMTs showed significant degradation, around 40% drain current reduction, 22, 24 after the devices were exposed to protons at a dose of 10 14 cm −2 . Sasikumar et al. 71 have identified two main levels as being responsible for the threshold voltage shifts in irradiated AlGaN/GaN HEMTs, namely at E C −0.3.25 eV and at E C −0.1.25 eV. The latter is possibly the nitrogen interstitial defect, while the former is not firmly identified.
The functional dependence of HEMT degradation on proton energy is interesting because of the fact that the active layers of the device are so close to the surface. 86, 106, 131 For this reason, higher energy protons actually create less displacement damage or non-ionizing energy loss in the active regions and create less degradation of the HEMT electrical performance. For example, drain-source current-voltage (I DS -V DS ) characteristics at various gate-source voltage (V GS ) obtained before and after irradiation at various proton energies (5, 10 and 15 MeV) at a fixed dose 5 × 10 15 cm −2 shown in Figure 18 display more degradation of current at lower energies because of the higher NIEL. 86, 106, 131 The change of knee voltage was nominal after proton irradiation. The reduction of the drain current level was observed from all of the proton-irradiated AlGaN/GaN HEMTs. As expected from SRIM results, there was less damage from higher proton energies since most protons will penetrate the samples including the shallow two dimensional electron gas (2DEG) layer and cause less damage. The drain-source voltage at 6 V and zero gate voltage was reduced by 9% for 15 MeV irradiation, 15% for 10 MeV irradiation and 47% for 5 MeV irradiation.
Chen et al. 45 have reported that degradation due to proton irradiation has a more measurable impact on the RF performance in comparison to the DC performance. In particular, gate lag and increases in both channel resistance and device capacitance due to fast bulk and surface traps contribute more notably to RF degradation than to DC degradation. 45 Similar effects have been reported for InAlN/GaN HEMTs. 51 Displacement-damage induced degradation was studied for proton fluences from 10 14 p/cm 2 to 4 × 10 14 p/cm 2 , at 3 MeV. As is usual, a positive V TH shift and an increase of the on-state resistance (R ON ) that followed a linear trend with the proton radiation fluence was observed. Increases of both the diode gate current and current collapse also accompanied the degradation of drain-source current.
Electron damage.-For 10 MeV electron irradiation of HEMTs, the observed carrier removal rates are lower than for protons of comparable energy. 56, 57 The 50% degradation of the 2 DEG conductivity happens at several times higher doses (close to 3 × 10 16 cm −2 versus 6.5 × 10 15 cm −2 ) for AlN/GaN than for AlGaN/GaN structures, while an even lower fluence of 1.3 × 10 16 cm −2 was needed for InAlN/GaN HEMTs, in line with previous observations for neutron irradiated heterojunctions. 79 The shift of C-V characteristics was due to an increased concentration of deep acceptor traps in the barrier/interface region. In AlGaN/GaN/Si transistors there an increase in concentration of deep barrier/interface traps with activation energy of 0.3 eV and 0.55 eV. This increase in trap density correlates with an increase in gate lag of HEMTs after electron irradiation. Electron irradiation at an energy of 10 MeV of n-GaN grown by both MOCVD and ELOG led to compensation of n-type conductivity and carrier removal rate increased substantially with starting donor concentration. The main compensating defect created was an electron trap at EC−0.15 eV. Once the dose is high enough and the Fermi level crossed this level, two centers at 0.2 eV and 1 eV contribute to compensation. After very high doses, the Fermi level in moderately doped GaN is pinned near Ec−1 eV, which again appears to be due to the nitrogen interstitial. The carrier removal rate in ELOG n-GaN was lower than MOCVD samples with similar doping levels. As with proton irradiation, AlN/GaN heterostructures were more resistant to electron irradiation damage hard than AlGaN/GaN or InAlN/GaN.
Experiments on the amount of trapping introduced in high-power AlGaN/GaN/Si HEMTs by electron irradiation show the changes in the gate lag produced by irradiation with electron fluence of 1. The difference between the drain-source current I DS measured as a function of gate voltage V G at DC and AC conditions was taken as a measure of gate lag magnitude (the measurements were done at the drain-source voltage of 5 V and the pulsing frequency in AC of 100 Hz and 10 kHz). The AC current in accumulation constituted about 60% of the DC current before irradiation, but only about 30% after irradiation. Electron irradiation introduced a high concentration of electron traps with activation energies 0.17, 0.3, 0.45 eV not observed in this particular transistor before irradiation. It also measurably increased the density of electron traps with activation energies 0.55 eV and 0.8 eV detected before irradiation.
Neutron damage.-For fast neutrons which create large recoil cascades, carrier removal in HEMTs is by disordered regions in which the Fermi level in the core is pinned between the Ga interstitial donor level and the N interstitial acceptor level, [132] [133] [134] [135] [136] [137] [138] [139] [140] ie between E C −0.8 eV and E C −1.0 eV, surrounded by a space charge region with a high potential barrier for electrons. Carrier removal rate is experimentally found to be related to the threading dislocation distribution. The major electron traps created have levels at E C −0.45 eV, 0.85 eV (Ga I ++ ), E C −1 eV (N I − ). The carrier removal rate is found to be the sum of contributions from these disordered regions and from traps whose introduction rate increases with doping and decreases in the order MOCVD/ELOG/ HVPE GaN. 56, 57 Recent experiments using Electron Paramagnetic Resonance (EPR) have found strong evidence of a nitrogen sublattice defect produced with high introduction rates in GaN created by proton, electron or ion irradiation at room temperature. 70 The defect configuration is actually that of a (N-N) N split interstitial which is electrically active and pins the Fermi level at E C −1.0 eV below the conduction band. This N split interstitial is removed by annealing at 400
• C. As pointed out above, this defect must be considered along with the N vacancy donors, N interstitial acceptors, and Ga vacancy acceptors. The new experimental data suggest the N split interstitial is ambipolar, i.e., a deep acceptor defect with a level at Ec−1:0 eV in n-type material and a deep donor in p-type material. As its introduction rate is close to the theoretical value for primary N interstitials, the transformation in the split interstitial is apparently complete in n-type and semi insulating. 70 Gamma ray damage.-AlGaN/GaN HEMTs irradiated with 60 Co gamma-ray doses up to 600 Mrad of 60 Co γ-rays showed an increase in reverse breakdown voltage (V RB ) by a factor of two, a negative shift in V T and a decrease in gm by 25%. 96, 103 These results are consistent with the gamma-irradiation causing a decrease in the effective channel doping through introduction of deep electron traps. The irradiated devices were annealed at 200
• C for 25 minutes and these HEMTs showed partial recovery of device performance. The impact of irradiation and annealing on minority carrier diffusion length and activation energy were monitored through the use of the Electron Beam Induced Current (EBIC). The level of recovery of gamma irradiated devices after annealing treatment depended on the dose of irradiation. Recovery of devices was evident from the significant increase in the diffusion length after annealing. Gamma-irradiation induced nitrogen vacancy defects created additional traps in AlGaN/GaN HEMTs, which decrease the carrier concentration and mobility and increase the activation energy related to carrier recombination. These defects act as scattering centers which result in degradation of both device performance and reliability. 96, 103 After annealing the device at 200 o C, the defects were reduced, resulting in an increase of both diffusion length and performance.
Deep states in irradiated HEMTs.-In many cases one observes similar defects upon electrical stressing of HEMTs and LEDs with the changes induced by high energy particle irradiation, and many of these are already present in the material and their concentration increases with radiation fluence. 2, [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] The majority of deep electron traps in GaN are most likely dislocation-related and that probably explains the prominent role of dislocations in the trapping, gate leakage, subthreshold current leakage, and degradation in AlGaN/GaN HEMTs. The gate leakage in AlGaN/GaN HEMTs seems to be promoted by open-core screw dislocations and, in InAlN/GaN Q48
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HEMTs, by dislocations decorated by In. Some major hole traps in n-GaN and n-AlGaN are most likely related to gallium vacancies complexes with Si or oxygen and to C. 2 To give an example of the defects observed in HEMTs after proton irradiation, 3 MeV proton irradiation of AlGaN/GaN HEMTs prepared on SiC substrates with a fluence of 10 14 cm −2 caused a marked increase of the trapping impact on drain current was observed with pulsed measurements. The time-domain analysis of the transients produced two distinct peaks E2 and E4 corresponding to the centers responsible for the gate and drain-lag phenomena. The density of both traps increased after proton irradiation. Measurement of the effect at various temperatures gave the activation energies and the capture cross sections of the E2 and E4 electron traps as 0.6 eV, 3.9 × 10 −15 cm 2 (E2) and 0.8 eV, 4 × 10 −15 cm 2 (E4). The results are very similar to those observed in electron irradiation of AlGaN/GaN/Si HEMTs, and the E2 and E4 traps parameters are very reasonably close to the ETB4 and ETB5 electron traps parameters determined in DLTS measurements on AlGaN/GaN/Si HEMTs. Both types of traps increase in concentration under high energy particle bombardment. The E2 and E4 traps are believed to be located in the region below the gate which seems to be in agreement with conclusions of DLTS-based measurements. The E2 (ETB4) traps role in changing the trapping in AC transistor parameters and their degradation with electrical stressing has already been discussed in the previous section, where the traps in question were assigned to defects in the GaN buffer at the AlGaN/GaN interface.
The changes in the threshold voltage and in the channel mobility of AlGaN/GaN transistors can be to some extent explained by the introduction of deep acceptors in the barrier layer of the structures. However, deep traps are also introduced in the GaN buffer layer of HEMTs and can lead to similar effects. Thus, modeling of proton damage in AlGaN/GaN HEMTs based on assuming the introduction of deep traps contributing to partial 2DEG depletion and to 2DEG electrons scattering was successful in predicting the devices performance with radiation. These studies are very important, particularly for understanding the nature of current collapse in various AlGaN/GaN HEMTs structures and more research is definitely necessary on that front.
Deep traps contribution to the AlGaN/GaN HEMTs degradation after bombardment with high energy particles is important, but not the sole problem that may occur in devices subject to radiation fluxes. Issues such as changes in surface passivation and Schottky and Ohmic contacts performance are also factors. For example, it has been shown that SiN passivation of the surface of the AlGaN/GaN HEMTs seriously improves the tolerance to the 60 Co gamma-irradiation, dielectric passivation was also observed to be beneficial in proton irradiated HEMTs. 144 For the proton fluences used, the defects in the passivating dielectric were not causing new problems. Radiation induced variations in Schottky diodes quality can seriously impact the trapping phenomena via changing the reverse current leakage. The general trend seems to be that low radiation doses adversely affect the reverse current, while high doses decrease it.
Proton irradiation decreases the doping concentration and increases the ideality factor and series resistance, but has little effect on the Schottky barrier height in n-GaN Schottky diodes. Comparison between Schottky diodes and high electron-mobility transistors suggests that the degradation in both types of devices is predominantly due to carrier removal and mobility degradation caused by radiation-induced defect centers in the crystal lattice, with interface disorder playing a relatively insignificant part in overall device degradation. [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] In summary, the main effects of radiation damage in GaN-based HEMTs can be noted as follows:
1. Total dose proton and electron damage leads to decreases in drain current, mobility, transconductance, positive threshold voltage shifts and an increase in gate lag and 1/f noise in the devices. This occurs by introducing trap states that remove carriers and degrade mobility. 2. Degradation due to proton irradiation has a more measurable impact on the RF performance in comparison to the DC performance. Gate lag and increases in both channel resistance and device capacitance due to fast bulk and surface traps contribute more notably to RF degradation than to DC degradation. The amount of degradation scales with dose and is dependent on the growth technique for the component epitaxial layers which influences the dislocation density and distribution and the concentration of background impurities. Ga-polar GaN grown MOCVD appears more radiation hard than N-polar GaN, while growth by MBE under NH 3 -rich or Ga-rich conditions subtly affects the noise and transconductance performance after irradiation. 3. The carrier removal rates are a function of initial carrier concentration, dose and dose rate but not of hydrogen concentration in the nitride material grown by Metal Organic Chemical Vapor Deposition. 4. Neutron irradiation created more extended damage regions and at high doses leads to Fermi level pinning while 60Co γ-ray irradiation leads to much smaller changes in HEMT drain current relative to the other forms of radiation. 5. The carrier removal rate by protons, electrons and neutrons in nitride heterostructures increases in the following sequence AlN/GaN> AlGaN/GaN> InAlN/GaN. This is consistent with their average bond strengths.
Annealing of Radiation Damaged HEMTs
The negative effects of displacement damage can be improved by a process of thermal annealing at room temperature or at elevated temperatures. In some cases there is a significant recovery of device characteristics after storage for several weeks at room temperature. Cai et al. 30 showed that a rapid thermal anneal (RTA) at 800
• C removes most of the defects created by 1.8 MeV proton irradiation at doses of 1014 cm −2 and drastically improved the device performance post-irradiation. Annealing of defects introduced in single layers of n-GaN by 2 MeV protons or 0.2-2.4 MeV electrons showed that some of the defects started annealing around 250
• C and was complete by 350
• C. 2, 145, 146 Electron traps associated with N interstitials annealed out at 380
• C. 70, 145, 146 The Ga interstitial-related deep donors started annealing even at room temperature, while the 1 eV Ga vacancy states were stable up to 500
• C. 2 When the proton or electron doses are increased or neutrons are used for the irradiation and the density of defects is increased, the thermal stability of radiation damage becomes higher. 2 For example, in n-GaN irradiated with high doses of protons, the bandedge luminescence intensity could not be restored even after annealing at 800
• C. Similarly, the evolution of the sheet resistivity of n-GaN irradiated with fast and thermal neutrons to high fluences (∼10 17 cm −2 ) showed a number of recovery stages. The as-irradiated resistivity decreased at the 150-250
• C stage, increased strongly from 250-450
• C and then gradually decreased in a broad stage between 500-1000
• C. 57 The first stage corresponds to reconstruction of common deep acceptors which explains the decrease in resistivity. The reverse annealing stage at 250-450
• C is most likely due to movement of the N i , Ga i centers forming new deep compensating centers. The onset of the third stage of recovery at 500
• C correlates with the V Ga acceptors annealing stage which explains the decrease of the resistivity. The Fermi level was pinned at deep centers with activation energy 0.45 eV. The most prominent electron traps were at 0.9 eV and 1 eV, likely related to the Ga i donors and the N i acceptors, but with a high binding energy, possibly trapped within disordered regions. 2, 57 After 1000
• C annealing the Fermi level was pinned near Ec-0.2 eV and DLTS spectra were dominated by the 0.6 eV and 0.9 eV traps in high concentration. The total concentrations of the 0.45 eV traps pinning the Fermi level after 800
• C annealing and of the 0.2 eV traps dominant in the 1000
• C annealing are close to each other and equal to the number of donor Ge atoms converted from Ga by interaction with thermal neutrons (2 × 10 16 cm −3 ). Hence, these relatively deep traps could be complexes of radiation defects with donor atoms. Even after moderate neutron doses, removal of the disordered regions was incomplete and the initial conductivity was not restored. For very high neutron fluences the resistivity of GaN passes through a maximum related to the onset of hopping conductivity. The activation energy for the temperature dependence of resistivity for doses before the maximum resistivity showed the usual value of 0.9-1 eV. After a fluence corresponding to maximum resistivity, the temperature dependence was weaker and annealing showed a strong reverse annealing stage up to 300
• C where the density of radiation defects decreased and the activation energy returned to the 0.9 eV value. Complete recovery could not be attained even after annealing at 1000
• C.
2,57
For AlGaN/GaN HEMTs irradiated with 40 MeV protons at doses equivalent to decades in low-earth orbit, post-irradiation annealing at 300
• C restored 70% of initial gm and I DS in HEMTs receiving doses of 5 × 10 10 cm −2 . In AlN/GaN HEMTs irradiated with 5 MeV protons at fluences from 2 × 10 11 to 2 × 10 15 protons/cm 2 , there was less degradation in drain current as a result of the more radiationhard heterostructure compared to AlGaN/GaN. Annealing of these devices at 250-350
• C from 5 minutes to 3 hours showed that the forward and reverse gate current decreased 10% under these conditions, moving back toward their pre-irradiation values, but there was no obvious drain current improvement obtained. 32, 131 • C in forming gas recovered most of the original characteristics but did increase the oxide/GaN interfacial roughness. 32, 131, 156 These results were not dependent on the proton energy, but the radiation did enhance roughening of the interface compared to unirradiated diodes annealed in the same fashion, where no significant change in interface roughness was observed until annealing at 800
Defects in GaN before Irradiation
Native defects are present in high concentrations in GaN and strongly influence its electrical and optical properties and as summarized for heterostructures in Table II. 2 They are often formed as compensation sources when dopants are introduced, or as a result of nonstoichiometric growth or annealing. Additional sources of contamination include the gas precursors for crystal growth. The isolated native defects are Ga or N vacancies, interstitials, and antisites (ie. GaN or N Ga ) but these may interact or form combinations with impurities or dopants to form more complex defects. Both types of vacancies (V Ga and V N ) in GaN are multiply charged defects with several energy levels in the gap. 2 Some studies indicate that the gallium vacancy is the most common native defect in n-type material, while the nitrogen vacancy is the most common in p -type GaN. Due to their larger formation energies, self-interstitials and antisites are less likely to be present in as-grown material. [82] [83] [84] There is a strong tendency to self-compensation in nitrides and thus acceptors such as gallium vacancies are favored in n-type material, with donors such as nitrogen vacancies in p-type material. 82 Undoped GaN is usually n-type due to the presence of common impurities such as silicon or oxygen as well as nitrogen vacancies. Based on energetics, the main defects in p-type GaN are predicted theoretically to be V N , V Ga and N I , while in n-type material, the most common defects are predicted to be V N , GaN, Ga I and V Ga . [82] [83] [84] The structure of most intrinsic defects in GaN is still not well established with the exception of the Ga interstitial, the Ga monovacancy 70 and the N split interstitial. 70, 83 Based on simulations, a model for the N split-interstitial defects was proposed as the stable configuration of (2016) the N interstitial, and only recently has experimental evidence for this defect been reported. 70 The gallium vacancy is an acceptor with relatively low formation energy in n -type GaN and compensates the n-type conductivity. 2, [82] [83] [84] In n -type GaN the Ga vacancy is filled with electrons, and capture of holes during optical injection may lead to radiative transitions of electrons from the conduction band or from a shallow donor to the negatively charged Ga vacancies. These vacancies can easily migrate even at low temperatures and form stable defect complexes. 2 The nitrogen vacancy was long suspected to be responsible for the majority of the native n-type conductivity in GaN to be close to or inside the conduction band, but the concentration of the these vacancies likely depends heavily on growth conditions. 2, 82 The energy level of nitrogen vacancies is reported to be between 0.06-0.13 eV and it is widely accepted that this defect also migrates easily in GaN to form stable defect complexes. 83, 84 However, these probably do not include divacancies such as (V Ga V N ) because of the predicted high formation energy. This defect would be a double acceptor in n -type GaN and a double donor in p-type GaN. Similarly, antisite defects should have a fairly low probability of formation in as-grown crystals because of the large size mismatch between Ga and N atoms. 82 Ga interstitials are also expected to be present only at low concentrations in most as-grown GaN layers because of the high formation energy, but we should point out that during exposure to radiation fluxes, the formation may be significant. Ga I is a double donor with an energy level in the gap at around E C -0.8 eV. Chow et al. 63, 64, 84 reported the observation of mobile Ga I in irradiated GaN below room temperature and this high mobility suggests it likely becomes trapped by other defects and is not present as an isolated defect in as-grown layers under equilibrium conditions. Similarly, the nitrogen interstitial has a high formation energy in as-grown material and may exhibit a number of charge states in the gap. 2, 70 The singly ionized interstitial is an acceptor in n-type GaN with an energy level at around E C −1.0 eV and will compensate the n-type doping. 2, 70, 83 The migration barrier has been calculated to be low (∼1.5 eV) and therefore diffusion of the nitrogen interstitials will occur even near room temperature. 70, 83 Recent experimental reports using a combination of electron paramagnetic resonance, density functional theory, and positron annihilation spectroscopy (PAS) have identified the stable nitrogen interstitial defect in irradiated GaN. 70 As expected, the isolated interstitial is unstable and transforms into a split interstitial configuration (N-N) N . It is generated by particle irradiation with an introduction rate of a primary defect, pinning the Fermi level at the expected value of E C −1.0 eV for high fluences, and anneals out at 400
• C. 70 The associated defect, the nitrogen vacancy, was observed by PAS only in the initial stage of irradiation. 70 Antisite defects on both the Ga and N sub-lattice may also be present. From theoretical considerations, the gallium antisite (GaN) is suggested to produce a level at E V + 0.9 and may be a significant contributor to compensation in p-type material. The nitrogen antisite (N Ga ) can behave as a compensating double donor in p -type GaN or an acceptor in n -type GaN but the formation energy is expected to be high. 2, [81] [82] [83] [84] In addition to native point defects, impurities may be present in the as-grown GaN as contamination from precursor gases or the growth reactor itself. The donor impurities include Si, C or Ge when incorporated on Ga sites and O, S, and Se on N sites. The most common of these will obviously be Si and O. It is less common to have acceptor impurities, which could potentially be Be, Mg, Ca, Zn, and Cd on Ga sites or C, Si, and Ge on the N sites.
Defects in GaN after Irradiation
A simple first-order model for the defects created by ionizing radiation such as protons and electrons involves creation of four levels in the gap, namely, V Ga -with an acceptor level at E V +1.0 eV, N Iwith an acceptor level at E C −1.0 eV, Ga I ++ with a double donor level at E C -0.8 eV and V N + with a donor level at E C −0.06 eV. 56, 57 It is important to note that literature reports often cite slightly different energies for these defects, or state them in a different convention. For example, the V N defect may also be quoted as having an energy level of E V + 3.28 eV in p-type GaN, which corresponds to the E C −0.06 eV value quoted above, although others suggest E C −0.13 eV as the energy level. Similarly, the V Ga defect may be listed as having an energy level of E C −2.5 eV, which is equivalent to the E V +1.0 eV value discussed earlier. 56, 57, 71 Most of the changes in GaN due to proton or electron damage can be understood in terms of introduction of these primary point defects and for example, the carrier removal rate in GaN for light particles is well accounted for by the introduction of these simple defects. At higher doses or when the GaN contains high levels of dopants or other impurities, complexes involving the primary radiation damage defects and these other impurities can occur and the situation becomes more complicated. In addition, differences in electric fields, defect concentrations and experimental precision of the defect spectroscopy techniques can all lead to differences in the experimentally reported values for energy levels in irradiation GaN structures.
Experimentally, a large number of levels are observed to be introduced into both n-and p-type GaN after proton irradiation, as was shown earlier in Figure 16 . 71 These were obtained from a combination of Deep Level Transient Spectroscopy (DLTS) and Deep Level Optical Spectroscopy (DLOS), with the latter allowing measurement in a wider range of the gap. In some cases, the levels are already present in the as-grown material and increase in concentration as a result of the additional defects introduced by the irradiation. Obviously, one would expect that variations in levels observed will occur from different groups because of variations in the starting material and growth technique employed. At this stage there is a still a significant variation in irradiated GaN because of these differences in the quality and purity of material from different sources.
Movement of Dislocations in GaN during Electron Beam Irradiation
The radiation enhanced dislocation glide (REDG) effect for basal plane dislocations in GaN can be observed at rather low excitation by E-beam. Yakimov et al. 157 demonstrated dislocation movement upon irradiation by the probing electron beam of a scanning electron microscope. The effect was registered only for the segments of dislocations lying in the basal plane. However, the presence of a large number of pinning sites hampers the long distance displacement and multiplication of basal plane dislocations. The majority of dislocations are immobile due to strong pinning. The effective pinning site density decreases with the increase of the beam current. The movement of basal plane segments of dislocations in low-dislocation-density GaN films grown by epitaxial lateral overgrowth as a result of irradiation with the probing beam of an SEM detected by means of EBIC. Only a small fraction of the basal plane dislocations were susceptible to such changes and the movement was limited to relatively short distances. 157 The effect is explained by the REDG for dislocations pinned by two different types of pinning sites, a low-activation-energy site and a high-activation-energy site. Only dislocation segments pinned by the former sites can be moved by irradiation and only until they meet the latter pinning sites. Epitaxial lateral overgrowth (ELOG) technique is one of the approaches allowing a dislocation density reduction. In this method, a GaN template is grown by standard metallorganic chemical vapor deposition. Then, a mask of SiO 2 stripes is prepared by photolithography and finally, a thick GaN layer is grown by MOCVD over the masked surface. The material above the mask grows predominantly in the lateral direction and has a dislocation density from two to three orders of magnitude lower than that in the material grown in the windows of SiO 2 mask, for which the dislocation density is the same as for standard MOCVD layers. The density of extended and point defects is very different in these two regions and therefore a lateral inhomogeneity in their electrical properties is expected. These regions have width in the micron range, therefore some special microscopic techniques should be used for characterization of such structures. Similar problems are also encountered in characterization of densely packed integrated circuits. The application of scanning electron microscopy in the Electron Beam Induced Current (EBIC) mode for characterization of such structures is discussed in this presentation. Some examples that demonstrate the possibilities of this method are presented. It is shown that in ELOG films, the EBIC method allows not only to reconstruct the diffusion length distribution, i.e. the distribution of recombination centers, but also the donor distribution. The accuracy of these measurements was checked by a comparison of EBIC results obtained on homogeneous GaN films with those obtained on the same films by the C-V method. We observed a factor of about three times difference between the donor concentration in the laterally grown and window regions of the ELOG films. This difference was similar for films with different average donor concentration, which allowed for a possible explanation of the effect. 157 Similar investigations of neutron irradiated films showed that this method can reveal inhomogeneous radiation defect accumulation.
Usually it has been assumed that REDG does not take place in GaN or that the dislocation mobility is too low for gliding at low temperatures. However, this effect for basal dislocations in GaN was observed under irradiation in a Transmission Electron Microscope (TEM) at beam current densities of 1-100 A/cm 2 , i.e. comparable with that used in high-power LEDs. Importantly, the REDG effect is more pronounced for basal plane dislocations than for prismatic plane ones. Usually, in GaN films grown in the [0001] direction, the majority of dislocations are of the threading type normal to the basal plane. However, in GaN grown by Epitaxial Lateral Overgrowth (ELOG) films with stripes parallel to the direction and the thickness in the 6-9 micron range, the large proportion of dislocations in the low-dislocation-density wing regions have long segments located in the basal plane. This happens because of the threading dislocations bending out of the [0001] direction.
Role of Growth Technique and Extended Defect Density
At this stage, GaN heterostructures for transistors are usually grown on lattice mismatched substrates and contains a high density of dislocations. In GaN HEMTs grown on sapphire substrates, the dislocation density is ∼10 8 −10 9 cm −2 . Figure 19 shows a TEM cross-section of an AlGaN/GaN HEMT structure grown on a SiC substrate showing the high dislocation density, still typically >10 7 cm −2 . The dislocation density can be decreased to ∼10 6 cm −2 for epitaxially laterally overgrown ELOG GaN, while thick (>200 μm) GaN films grown on sapphire by hydride vapor phase epitaxy HVPE have dislocation densities < 10 7 cm −2 . Interaction of radiation defects with dislocations is a factor in all these approaches.
One of these effects is spatial correlation of electron capture by deep traps decorating dislocations, 2,56,57 including the 1 eV N I -related Figure 19 . Cross section TEM image of AlGaN/GaN HEMT structure grown on a SiC substrate showing the high dislocation density.
acceptors, 0.8 eV Ga I and 0.95 eV V Ga electron traps introduced by 2 MeV proton irradiation. During irradiation some of the interstitial defects can migrate to dislocation boundaries. Another effect is the impact of dislocations on mobility of charge carriers. With increasing radiation dose, the electron concentration within the grains becomes lower and the potential barrier is higher. For p-GaN, tunneling of holes is difficult even at high acceptor densities and hole mobility seldom shows the expected theoretical temperature or concentration dependence. The theory predicts a strong increase of the electron mobility with decreasing dislocation density and increasing electron concentration, the latter due to enhanced screening of dislocations. 2, 56 However, the effect of dislocations on the carrier mobility is not reduced to the sum of contributions from individual dislocations. For dislocation densities exceeding ∼10 8 cm −2 in GaN, dislocations form a cellular structure with dislocation boundaries formed mostly by the threading edge dislocations and characteristic grain size determined by the dislocation density. For carriers to travel over the grain boundaries involves overcoming a high potential barrier. When the electron concentration is high, tunneling through the barriers is efficient and the material behaves as though electrical nonuniformities were not present.
As an example, neutron irradiation of undoped ELOG GaN resulted in a five times lower effective removal rate than for standard MOCVD GaN. 56 The carrier removal rates for thick HVPE-grown GaN were lower than for either the MOCVD or ELOG grown material and the dependence of the removal rate on starting concentration was stronger. This is not a consequence of dislocation density changes, because the dislocation density in the low-dislocation-density wing of ELOG samples is similar to the dislocation density in bulk HVPE samples but appears to be related to the uniformity of dislocation distribution. For MOCVD GaN the dislocations form a clear cellular pattern, with the typical size of dislocation cell of 0.3-0.5 μm. In ELOG GaN, wing regions with randomly distributed dislocations with density ∼5×10 6 cm −2 are adjacent to the high dislocation-density window regions, whereas in HVPE samples the dislocation density is uniformly low at the level of∼10 7 cm −2 . This could be important for the probability of primary radiation defects to escape to the dislocations. It is well known that Ga vacancies (V Ga ) and Ga interstitials (Ga I ) are mobile at room temperature in GaN. We also note that it has been discovered by electron beam induced current (EBIC) profiling in neutron irradiated ELOG n-GaN that the decrease of the charge collection efficiency in EBIC occurs much more rapidly in the parts of ELOG wing region close to the window region than in the bulk of the ELOG wing where the radiation induced changes are the lowest. Carrier removal rates in neutron irradiated n-GaN increase with doping and decrease in the sequence MOCVD/ ELOG/ HVPE. The former were associated with disordered regions in GaN and determine the carrier removal rate in undoped films. The latter were attributed to radiation defect complexes with shallow donors.
Radiation Damage in InGaN/GaN Light Emitting Diodes
The development of GaN-based solid-state lighting holds promise for various applications such as traffic signals, automotive lighting, color display, indoor/outdoor lighting, mobile phones and televisions InGaN/GaN quantum wells (QWs) have been widely used in lightemitting diodes (LEDs) and laser diodes (LDs) due to their high luminescence efficiency in the near UV, blue and green regions. [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] Recently, the application of GaN-based LEDs has been extended to satellite communication systems for weather forecasting or broadband data transmission due to their high radiation hardness. The materials used in GaN-based LEDs have small lattice constants (a = 3.189 Å, c = 5.186 Å for wurtzite GaN structure) due to their strong bond energies and therefore show superior resistance to damage under radiation environments due to the higher displacement energies compared with other semiconductor systems such as the GaAs used in red LEDs (a = 5.653 Å). As we discussed for the electronic devices, it has been experimentally shown that the displacement energy is inversely Q52 ECS Journal of Solid State Science and Technology, 5 (2) Q35-Q60 (2016) proportional to lattice constant. [172] [173] [174] [175] [176] [177] [178] The minority carrier lifetime, τ, in LEDs is sensitive to the presence of displacement damage and is related to the particle flux by
where τ o is the initial lifetime, τ the lifetime after irradiation and K is known as the lifetime damage constant. For GaN, K is ∼10 −7 cm 2 s per particle for 40 MeV protons. 176 Proton damage.-Displacement damage has a strong dependence on particle energy particularly for protons. [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] For energies below 30 MeV, protons interact with the nucleus through Rutherford scattering. Low-energy protons, which travel more slowly, transfer more energy than protons with higher energy due to their reduced velocity, increasing the cross section. As a result, the effectiveness of protons in producing displacement effects in LEDs depends on 1/E for energies below about 8 MeV. 176 This is important in radiation testing of LEDs, where high-energy protons are often used because they can penetrate package materials with only slight energy corrections. 176 Osiński et al. 166 first reported the superior radiation hardness of group-III nitride based LEDs compared with that of GaAs-based LEDs. In their work, the output power of AlGaN/InGaN/GaN green LEDs after 2 MeV proton irradiation at a dose of 1.68 × 10 12 /cm 2 was found to decrease by 40%. 166 Gaudreau et al. 167 reported that 2 MeV proton irradiation at higher fluences above 3 × 10 12 /cm 2 significantly reduced the electrical and optical performance of AlGaN/ InGaN /AlGaN blue LEDs, and the light output after 9.36 × 10 14 /cm 2 proton irradiation decreased by 99.95%. They also observed that the optical properties degraded faster than the electrical properties due to an increase in non-radiative transitions through radiation-induced defect states. Khanna et al. 168 reported on the proton energy dependence of light output degradation of AlGaN/InGaN/AlGaN blue LEDs over the energy range of 2-115 MeV.
Khanna et al. 171 showed that the radiation hardness for light emission in GaN LEDs is substantially better at low temperatures, as determined by measurements of light emission at room and low temperatures from GaN LEDs following proton irradiation at room and low temperatures. The enhanced low-temperature radiation hardness for light emission in these LEDs was explained in terms of an improvement in radiative efficiency due to a reduction of nonradiative transition probability at low temperatures. Further, lattice displacement damage in these devices due to irradiation at room temperature was compared with the corresponding damage at low temperatures and was found to be dependent on irradiation temperature. 168, 171 They also examined the proton energy dependence of emission intensity for blue GaN LEDs after proton irradiation with energies from 2-115 MeV at fluences varying from 10 11 to 10 15 cm −2 . There was more lattice displacement damage in GaAs LEDs following irradiation at low temperatures due to reduced annealing during irradiation. The light output data for both GaAs QW and GaN QW LEDs, and the I-V data for GaAs QW LEDs suggested that there is less lattice damage following low temperature irradiation than for irradiation at room temperature. 171 The proton energy dependence of light output degradation in GaN LEDs was also examined for energies from 2-115 MeV 168 and modeled according to the theory of Rose and Barnes. 172 The normalized light output I irr /I o at different energies from these LEDs taken at a fixed dc current of 0.3 mA versus the fluence φ is shown in Figure 20 . 168 Here I irr is the light output after irradiation at a given fluence value φ and I o is the value for the unirradiated device. For each energy, the normalized light output decreases as the fluence increases because the irradiation introduces defects which may act as either radiative or nonradiative recombination centers. As the proton energy is increased, the degradation curves shift to the right, as expected since the higher energies do less damage for the same proton fluence according to NIEL calculations. The LED degradation due to particle irradiation at any given particle energy was fitted to the relationship due to Rose and Barnes where I irr(φ) is the LED light output measured after irradiation, I o is the pre-irradiation value, A is a fitting parameter defined as the damage constant, φ is the particle fluence in units of particles/cm 2 , and n is another fitting parameter. The data was consistent with the recombination mechanism being space charge limited. Figure 21 presents a comparison of the light output degradation with proton fluence for GaN QW LEDs with both quantum well and bulk GaAs LEDs irradiated under the same conditions. 168 Note the much higher radiation tolerance of the GaN LEDs. The QW GaNbased diodes are about two orders of magnitude harder than QW GaAs diodes. One would expect AlGaN UV LEDs to be even more radiation hard because of the higher average bond strength relative to GaN and InGaN. One important consideration with radiation studies is whether the measurements are made on unpackaged die or completed LEDs in standard packages. It is known that the polymers in the lenses may degrade during irradiation, changing the opacity of the package and thus the light output may appear to degrade even though the Led die itself has had no change in optical output. The effects of proton irradiation on the optical and electrical performance of InGaN/GaN blue light-emitting diodes (LEDs) irradiated with protons at a fixed energy of 340 keV and doses ranging from 5 × 10 10 to 1 × 10 14 /cm 2 were also investigated. 170 The forward operating voltages at an injection current of 100 mA before and after proton irradiation with doses from 5 × 10 10 to 5 × 10 11 /cm 2 were almost the same, around 4.4 V. However, the forward operating voltages at an injection current of 100 mA after higher doses of 10 12 , 5 × 10 12 , 10 13 and 10 14 /cm 2 were progressively higher, with values of 4.37, 4.39, 4.5 and 8.11 V, respectively. The light output at an injection current of 100 mA after low dose proton irradiations from 5 × 10 10 to 5 × 10 11 /cm 2 slightly decreased by 2∼4%, compared with the unirradiated reference LEDs. At higher doses, the light output at an injection current of 100 mA after 10 12 , 5 × 10 12 , 10 13 and 10 14 /cm 2 proton dose drastically decreased by 15.3, 55.7, 75.6 and 98.9%, respectively. The degradation of light output was much faster than that of I-V characteristics. The device conductivity is related to both radiative and non-radiative recombination, however, most of the light output is involved in near-band-edge emission caused by only radiative recombination. Therefore, the faster degradation of light output indicates that defects generated by energetic protons can act as non-radiative recombination centers. Figure 22 (top) shows typical electroluminescence (EL) spectra at an injection current of 100 mA before and after 340 keV proton irradiations with various doses from 5 × 10 10 to 10 14 cm −2 . The EL intensity gradually decreased with increasing proton dose, as shown in Figure 22 (bottom) and the EL spectra after 10 14 cm −2 proton irradiation had almost no emission due to the high level of displacement damage caused by the high dose proton irradiation. The trends of the changes in EL intensity were similar to that of the light output. This degradation after proton irradiation was caused by the trapping of carriers in proton irradiation-induced deep levels which may act as either radiative or non-radiative recombination centers. However, there was almost no increase in yellow-green emission, which is originated in GaN defect sites such as vacancies, impurities and deep levels, [173] [174] [175] [176] [177] [178] [179] [180] after proton irradiation. The EL peak position before and after proton irradiations had no significant changes.
Electron damage.-Electrons, with their much lower mass than protons, require energies that are nearly relativistic to produce atomic displacements in GaN LEDs. 176 Consequently, there is a minimum energy threshold for displacements from electrons. Above that energy, the effectiveness of electrons in producing displacement damage continues to increase with energy, unlike protons, where damage decreases with increasing energy. 176 GaN LEDs irradiated at room temperature with electrons in the range 300-1400 keV showed that a threshold energy of 440 keV was needed to create detectable damage, corresponding to a gallium atom displacement energy of 19± 2 eV 4 . This value of the displacement energy is comparable to that of SiC but is smaller than that of diamond and larger than that of GaAs. No threshold energy for the nitrogen atom was observed. It was concluded that the nitrogen sublattice repairs itself through annealing. 4 Figure 23 shows the normalized LED light intensity versus electron irradiation fluence for different electron energies. 4 The data can be reproduced by the exponentially decreasing function 4 given earlier by Rose and Barnes. 172 Gamma ray damage.-The luminescence intensities of InGaN MQW LEDs (460 nm peak emission) irradiated by γ-rays decreased as the radiation dose becomes higher. 177 InGaN MQW LEDs in the form of unpackaged die with emission wavelengths from 410-510 nm were irradiated with Co 60 γ-rays with doses in the range 150-2000 Mrad (Si). The forward turn-on voltage for all the irradiated LEDs was increased slightly (by ∼0.1-0.15 V for 500 MRad dose irradiation) while the reverse breakdown voltage was unchanged within experimental error. The light output intensity for the 410 nm devices was decreased by 20% after a dose of 150 MRad and 75% after ∼2 GRad. The current transport in the LEDs was dominated by generation-recombination (ideality factor ∼2) both before and after irradiation. Their electroluminescence characteristics were more affected by the irradiation (losing about a factor of 4 intensity at extremely high doses), suggesting that the main degradation mechanism is creation of recombination centers. The morphology and appearance of the p and n-Ohmic metallization did not show any detectable change as a result of even the highest γ-ray dose. There was no post-irradiation recovery at room temperature noted in these devices.
Small redshifts (∼54 meV) of the (PL peak energy of blue InGaN/GaN light-emitting diodes exposed to 60 Co γ-rays was reported after doses of 200 MRad. 178 Time-resolved PL indicated that the PL radiative time increased with fluence and there was a higher carrier localization energy and larger Stokes' shift, respectively, in the irradiated LEDs. This suggests the redshifts of the PL peak emission introduced by γ-ray irradiance mainly originated from the enhancement of indium fluctuation. 178 Transient capacitance measurements of Schottky diodes fabricated on undoped n-type GaN exposed to 60 Co gamma irradiation indicate the introduction of two defect levels with thermal activation energies of 89 and 132 meV. 179 The defect peaks showed significant broadening, but were consistent with electron-irradiationinduced nitrogen-vacancy related centers. 179 Neutron damage.-Fast neutron irradiation with fluxes > 10 15 cm −2 caused degradation in the I-V characteristics as well as light output of blue GaN LEDs emitting at 476 nm. 174 Atomic displacements were reported as responsible for both of the electrical and optical degradations. The decreasing slope (α) of the ln(I) versus V plots after irradiation was attributed to the neutron radiation-induced carrier removal effect. The increasing value of saturation current I 0 after irradiation was attributed to increasing trap concentration. 174 The light output at a bias current of 2.5 mA degraded almost completely (99%) after 1.6 × 10 15 n/cm 2 neutron irradiation. Some optical and electrical recovery due to an injection-enhanced annealing effect was observed in the irradiated LEDs. 174 Another study examined InGaN/GaN multiquantum well LEDs with emission wavelength of 450 nm irradiated with average energy of 9.8 MeV and dose of 5.5 × 10 11 cm −2 neutrons. 163 Immediately after irradiation, the forward current of the irradiated LEDs was decreased as a result of the creation of deep levels by the neutroninduced lattice displacement. However, unstable lattice damages resulting from the collisions with the incoming neutrons were removed at room temperature 6 days after the irradiation. 163 The diode turnon voltage, ideality factor, and optical emission intensity were recovered to the pre-irradiated state by self-annealing process at room temperature. 163 Alpha particles.-InGaN quantum well structures (470 and 510 nm) on GaN epilayers exposed to 500 keV alpha particles to fluences >10 14 cm −2 showed only small wavelength shifts were observed even with the highest fluences. 175 Cathodoluminescence experiments showed that luminescence in the quantum wells was strongly influenced by charges injected deep into the GaN epilayer. The 500 keV alpha penetration depth was ∼ 1 μm, so that defects were created at a faster rate in GaN compared to InGaN as alpha particles slowed and stopped within a minority carrier diffusion length of the quantum wells. The rate of luminescent decay was similar for both materials and the quantum well luminescence decay rate was dominated by radiation-induced defects in the GaN epilayer. InGaN quantum wells were found to be somewhat more radiation sensitive than GaN. 175 In summary, the effect of radiation damage on GaN-based LEDs is as follows:
1. There is a decrease in light output that scales with proton dose. 2. The optical output decreases faster than the degradation in electrical parameters of the LEDs. 3. Electron damage requires a threshold energy of at least 440 keV to create damage in GaN LEDs. 4. Neutron-irradiated LEDs can show a significant amount of recovery after storage at room temperature. 5. Deep UV LEDs which contain high concentration AlGaN alloys are expected to be more radiation hard than visible LEDs based on InGaN/GaN quantum wells.
Single Event Upsets in GaN HEMTs
Single-event upsets (SEU) or transient radiation effects in electronics are defined as state changes of memory or register bits caused by a single ion interacting with the chip. [187] [188] [189] [190] [191] [192] [193] SEU do not necessarily cause permanent damage to the device, but may cause lasting problems to a system which cannot recover from such an error. In very sensitive devices, a single ion can cause a multiple-bit upset (MBU) in several adjacent memory cells. SEUs can become Single-event functional interrupts (SEFI) when they upset control circuits, placing the device into an undefined state, which would then need a reset or a power cycle to recover.
Single-event latchup (SEL) can occur in any chip with a parasitic PNPN structure and since thyristors are not yet available in GaN, these are not an issue for GaN electronics. A heavy ion or a high-energy proton passing through one of the two inner-transistor junctions can turn on the thyristor structure, which goes into latchup until the device is power-cycled. [187] [188] [189] Single-event transient (SET) occurs when the charge collected from an ionization event discharges in the form of a spurious signal traveling through the circuit. This has the same effect as an electrostatic discharge. In Si CMOS circuits, single-event snapback, basically similar to SEL but not requiring the PNPN structure, can be induced in N-channel MOS transistors switching large currents when an ion hits near the drain junction and causes avalanche multiplication of the charge carriers. [188] [189] [190] [191] [192] [193] Single-event induced burnout (SEB) may occur in power MOSFETs when the substrate right under the source region gets forward-biased and the drain-source voltage is higher than the breakdown voltage of the parasitic structures. The resulting high current and local overheating then may destroy the device. Single-event gate rupture (SEGR) can be observed in power MOSFETs when a heavy ion hits the gate region while a high voltage is applied to the gate. This creates local breakdown in the SiO 2 with overheating of the gate. SEGR can also occur even in memory cells during write or erase, when the cells are subjected to a comparatively high voltage.
The effects of single event particle strikes in GaN HEMTs have only begun to be investigated. [187] [188] [189] [190] [191] [192] [193] Single event upsets include both soft errors and hard errors. A soft error occurs when a heavy ion strikes a semiconductor substrate, creating electron-hole pairs, and charge collects at nodes in the circuit, resulting in transient signals. Sometimes catastrophic failures (or hard errors) occur when a heavy ion strikes a sensitive region in the device and permanently cause increased leakage current or rendesr the device inoperable. There is limited SEE data for AlGaN/GaN HEMT devices 189, 190 and some initial data on single event gate rupture. 189 Bazzoli et al. 189 were the first to study SEEs in GaN HEMTs. They reported soft errors using heavy ions (Fe, Br, Xe) with linear energy transfer (LET) up to 39 MeVmg −1 cm 2 which temporarily increased gate leakage current and would be classed as soft damage. They also reported catastrophic failures using Xe ions at a LET of 60 MeVmg −1 cm 2 , ie. the component can be destroyed with only one interaction with an ion. These phenomena appear to be similar to single event gate rupture (SEGR), despite a lack of gate oxide. 189 No single event burnout (SEB) could be induced. The same HEMTs were unaffected by 14 MeV neutron irradiation and heavy ions with LETs of 1.8 and 18.5 MeV.mg −1 .cm 2 . Kuboyama et al. 190 reported several different types of permanent damage in AlGaN/GaN HEMT devices irradiated with Kr, Ne or Ar heavy ions from an accelerator at fluences up to ∼10 8 cm −2 GaN HEMTs using heavy ions. They observed enhanced charge collection with Ne ions and increased leakage current with Ar and Kr ions. A new damage mode, which introduced the leakage paths between the drain and source, was observed with Kr ions at high drain voltages 190 and also new leakage paths emerged between the drain and source terminals without any damage signature to the gate.
Rostewitz et al. 188 evaluated the Single Event Burnout (SEB) and SEE of HEMTs under dc and rf operations during high energy Ar, Xe or Kr ion irradiation. They found that SEBs are correlated to enhanced Single Event Transients (SETs) close to the gate region and that no SEBs occurred under rf operation. Onoda et al. 187 showed the drain currents increased when thigh energy Ni ions impacted the gate electrode and demonstrated that 18 MeV-Ni ions can cause positive charge buildup in the AlGaN layer even at room temperature. 187 Figure 24 shows typical transient drain currents at drain bias of V 10 V when a 18 MeV-Ni ion struck the center of gate electrode. 183 The drain current did not increase when ions struck the HEMT other than at the gate electrode. Since there was no charge buildup in the AlGaN layer when ions traversed any region other than the gate electrode, only back-channel effect contributed to the enhanced charge collection. The largest charge enhancement was found when 18 MeVNi ions impacted the center of the gate electrode in the pinch-off bias condition due to an enhanced charge collection. 183, 187 The key point of the back-channel effect is the positive charge accumulation in the GaN layer under the gate. The positive charges reduce the potential barrier between the source and the channel, resulting in the current from the source to the drain. A decrease in the saturation drain current and a positive shift of the threshold voltage were observed as a result of the high energy Ni irradiation 187 and the transient drain and source currents were strongly affected by the change in I-V characteristics caused by displacement damage. There were two different failure modes, namely increased drain and gate leakage at high drain voltage, and SEB using drain voltage of 155 V and particle LET of 48 MeVmg −1 cm 2 .
187,188 Scheick 192 examined the susceptibility of enhancement mode GaN HEMTs to heavy ion induced SEE. This study noted that the susceptibility to SEE was dependent on ion type, angle, circuit capacitance and manufacturing lot. These preliminary results suggest GaN transistors are less vulnerable to single event burnout than Si MOSFETs. In AlGaN/GaN MOSHEMTs, 193 simultaneous charge collection was observed at the gate and the drain or the source, depending on strike location. Heavy ion data coupled with device simulations show that the introduction of a thin HfO 2 layer in the gate stack introduces only a small valence band barrier, reducing but not preventing collection of holes at the gate in HfO 2 -gate devices. Furthermore, using Al 2 O 3 gate oxide increases the valence band barrier over that of the HfO 2 , to the point where the radiation-induced transient is not detectable. Analysis of the band structure of the HEMT using simulations showed that hole collection at the gate is favorable under off-state conditions, even for devices with an HfO 2 gate dielectric while use of an Al 2 O 3 dielectric produced a valence band barrier that reduced hole collection to a level below the resolution of the test setup. 193 This suggest that device design will be important in reducing the susceptibility of GaN-based MOS transistors to SEE.
Simulation of Radiation Effects on AlGaN/GaN HEMT's
Electronic device simulation historically has focused on solving a set of three coupled partial differential equations -one for potential (Poisson) and one each for holes and electrons (continuity). 194 Device scaling pushed the research focus on the transport coefficients in the equations. Mobility expressions became more sophisticated and velocity saturation and high electric field effects needed to be accounted for. In some cases the equation set expanded to include energy conservation of the carrier distribution.
The simulation of damage due to irradiation represents a specific problem in device simulation in which charge trapping, at least, needs to be accounted for. For example, to capture total ionizing dose (TID) effects in oxides of transistor-based technologies, it is necessary to include the addition of deep level traps and the partial ionization of multiple defect levels. All three differential equations require modification to account for charges trapped in deep levels. The FLOODS simulator 50, 195 allows the physics to be modified easily using command line expressions, so it is ideally suited for this type of problem.
In general, proton-based radiation damage to AlGaN/GaN HEMTs results in reductions in mobility and increases in the threshold voltage that lead to reductions in peak transconductance, and drain current. The reduction in mobility can be much greater in magnitude than the changes in the other parameters. For example Liu et al. 102 measured 40% reduction in mobility and only a 0.1 V shift (3% change) in threshold voltage and 13% reduction in drain saturation current for a specific case of proton radiation. 102 Gaudreau measured a decrease in carrier concentration by a factor of two and a decrease in mobility by a factor of a thousand. 26 The simulation incorporates a mobility model that includes ionized impurity scattering as described by Farahmand et al., 196 who used a Monte Carlo simulation to extract a dependence of mobility on impurity scattering. Their standard approach to describing mobility is seen in the following equation: 196 N is the term for the ionized impurity concentration. Included in this term are the ionized donor and acceptor trap concentrations and the background doping value. This is a necessary modification from many commercial tools, as they include only doping levels and not the ionized trap concentrations. Included in this term are the ionized donor and acceptor trap concentrations and the background doping value. These are summed together, even though in many materials there is a difference between the effect of a donor and acceptor on mobility of electrons. There is no data indicating a differential in GaN or AlGaN.
Experimental data from quantify the amount of mobility reduction for given amounts of proton irradiation as shown in Figure 25 . 22, 27, 102 We assume that only the acceptor-like Gallium vacancies (V Ga ) are ionized near the two-dimensional electron gas (2DEG) since the Fermi level is above the conduction band edge and thus excludes donor ionization. Thus, V Ga concentrations given by the TRIM simulations 197 are plotted against mobility reductions in Figure 25 . The experimental data sets show mobility reduction trends that are captured well by the model using ionized traps to account for the observed mobility reduction.
It is known that acceptor-like traps, which leave negative space charge when ionized, explain the positive shift in threshold voltage and degradation in drain current and transconductance as seen in irradiated AlGaN/GaN HEMTS. The experimentally-derived changes in performance used for calibration include a 13% reduction in the drain saturation current and a 0.1 V positive shift in the threshold voltage, both of which correspond to a 5 MeV proton radiation at a fluence of 2 × 10 14 cm −2 . Initial simulations of these devices indicated that a threshold voltage shift of only 0.1 V required trap concentrations that are orders of magnitude lower than the value predicted by the TRIM simulation and the mobility model (∼1 × 10 17 cm −3 ). Therefore, a model that includes only acceptor traps cannot explain experimental results. Thus it can be inferred that donor-like traps are compensating the acceptor-like traps in a manner that lowers the total amount of charge in the GaN layer. Since the concentration of traps are not known precisely, it is useful to simulate the performance degradation for a range of acceptor and donor traps to determine sensitivity. At this point we also choose donor and acceptor trap energies. We assume the dominant traps could be acceptor-like Gallium vacancies with energy level 1.0 eV above the valence band (E v ) and donor-like Nitrogen vacancies 0.1 eV below the conduction band (Ec).
57 Figure 26 show 3-D surface plots of threshold voltage shift as a function of acceptor and donor concentrations. Simulation results having donor concentrations higher than acceptor concentrations are not given due to the inability of the device to turn off. In Figure 26 , performance changes are labeled for points of equivalent acceptor and donor concentrations. Trap concentrations near 10 17 cm −3 for acceptors and donors match the experimental results of 0.1 V threshold voltage shift for a proton fluence of 2 × 10 14 cm −2 at 5 MeV. Since Gallium and Nitrogen vacancies have similar displacement energies (not more than a factor of two), it is plausible that the number of vacancies could be created in approximately equal amounts. Figure 25 shows a concentration near 10 17 cm −3 fits the observed mobility reduction for the radiation case. These simulation results conclude that compensation by donor traps is very important in determining the amount of performance degradation in the devices. The compensation by ionized donors con- fines the negative space charge to within a small distance from the AlGaN/GaN interface. This simulation result is supported by experimental results using back-side irradiation and thus localization of radiation defects. Li et al. 186 showed that no performance change to the devices occurred for irradiation cases where the defects did not reach the AlGaN/GaN interface. 186 We also note that the acceptor traps will be fully ionized near the 2DEG for a wide range of trap energies; thus the resultant outcome is insensitive to the acceptor trap energy.
Of course the trap states influence not only DC characteristic but also AC characteristics. We have done small signal analysis along the lines of Laux 198 but expanded it to include a small signal approximation to the trap occupancy to investigate the effect of the trap generation on the RF response. Figure 27 shows a comparison of the peak transconductance as a function of gate bias for several radiation dose exposures. The peak transconductance is lower for irradiated samples but also shows a shift to higher gate voltage. These effects are important to understand for maximizing device behavior over a lifetime of exposure conditions.
Conclusions
In GaN-based HEMTs, the primary degradation mechanisms after exposure to ionizing radiation are decreased sheet carrier mobility due to increased carrier scattering and decreased sheet carrier density. The device degradation is observed as a decrease in the maximum transconductance, an increase in the threshold voltage, and a decrease in the drain saturation current. The carrier removal rate in nitrides depends on radiation type, growth method and the dislocation density and distribution. The response of GaN to radiation exposure such as protons can be largely understood by a simple model involving creation of point defects. Neutron damage creates more extended damage regions. The carrier removal rate by protons, electrons and neutrons in nitride heterostructures increases in the following sequence AlN/GaN> AlGaN/GaN> InAlN/GaN. This is consistent with their average bond strengths. Proton damage has been the most widely studied and understood. As an example, the drain-source currents of both AlGaN/GaN and InAlN/GaN HEMTs decreased 15-20% for proton irradiation with doses of 5 × 10 9 cm −2 and 30-50% decrease at a dose of 5 × 10 10 cm −2 . The drain current of proton damaged HEMTs can be partially recovered (40-70%) after annealing at 300
• C. We have not seen any significant effect on the carrier loss rate in AlGaN/GaN HEMTs during either 10 MeV electron or 10 MeV proton irradiation to total doses of 10 13 cm −2 (protons) or 10 15 cm −2 (electrons) over a range of almost two orders of magnitude in dose rate for both types of radiation.
